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ABSTRACT 
The bottleneck of most modern technologies and energy solutions has been attributed 
to the thermal problems at the nanoscale. Especially, the thermal transport across interfaces 
and in-plane direction can significantly influence the overall performance of 2D nanosystems. 
So accurate thermal-physical characterization of the 2D materials is very important for both 
fundamental research and industrial applications.  
Focusing on 2D mechanically exfoliated MoS2, at first, we conduct a detailed 
temperature and laser power dependent micro-Raman spectroscopy study of FL MoS2 (4.2 to 
45 nm thick) on c-Si substrate. We measured the interfacial thermal resistance (R) at room 
temperature decreases with increased layers of MoS2. Furthermore, we find that the number of 
layers of MoS2 deeply affects the film corrugation, morphology, and interfacial thermal 
resistance. Then, for the first time, we consider the hot carrier excitation, diffusion and 
recombination in Raman 2D MoS2-substrate interface energy coupling study. The hot carrier 
diffusion could become significant when the diffusion length is long or laser heating spot size 
is small. By applying different laser heating sizes in Raman experiment, we could determine 
both R and the hot carrier diffusivity for four sub-10 nm thick MoS2 (3.6 to 9.0 nm thick). 
Especially, the hot carrier diffusion study is conducted without applying an electric field or 
electrical contacts so the results reflect the intrinsic properties of virgin 2D materials. After 
that, we realize that in widely applied Raman characterization of 2D material interface thermal 
resistance, laser absorption in the 2D atomic layer and its absolute temperature rise are needed. 
These factors could cause the largest experimental uncertainty. To this end, we develop a novel 
energy transport state-resolved Raman (ET-Raman) to address these critical issues. In ET-
Raman, under steady laser heating, by constructing two steady heat conduction states with 
xiii 
 
different laser spot sizes, we differentiate the effect of R and hot carrier diffusivity (D). By 
constructing an extreme state of zero/negligible heat conduction using a picosecond laser, we 
differentiate the effect of R and material’s specific heat. Combining the steady state Raman 
and pico-second Raman, we precisely determine R and D without the need of laser absorption 
and temperature rise of the 2D atomic layer. Seven MoS2 samples (6.6 nm to 17.4 nm) on c-Si 
and six MoS2 samples (1.8 nm to 18 nm) on glass substrate prepared by mechanical exfoliation 
are characterized using ET-Raman. At last, in order to reduce the dependence on other’s work, 
we developed another new technique that could simultaneously determine k, D, and R of eight 
MoS2 samples ranging from 2.4 nm to 37.8 nm thickness. The in-plane thermal conductivity 
could be determined without referring other’s work. Besides, this systematic non-contact 
thickness-dependent thermal conductivity study reveals the intrinsic properties of FL MoS2 
and provides a practical guide for further advancing MoS2 based device technologies. 
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CHAPTER 1.  INTRODUCTION AND LITERATURE REVIEW 
1.1 Two-Dimensional MoS2 
Two-dimensional (2D) atomic materials have attracted considerable attention for use 
in next-generation nano-electronic devices because, compared to one-dimensional materials, 
they are relatively easy to be used to fabricate complex structures. Currently, the most widely 
studied 2D material is graphene due to its rich physics and its high mobility.1-3 However, 
natural graphene does not have a bandgap that makes it not suitable for many applications (e.g., 
transistors). 4  As a result, more and more works have begun examining possible application 
of other 2D materials with the knowledge gained from graphene.  
2D transition metal dichalcogenides (TMDs), in particular 2D MoS2, have attracted 
ongoing research interest from both academic and applied communities because of their 
suitability for future electronic, piezoelectric and optoelectronic device applications.5-8 Bulk 
MoS2 crystals are stacks of layers held together in the vertical direction by weak van der Waals 
force, making the fabrication of few-layers and even single-layer sample possible by micro-
mechanical cleavage technique.9 Large-area sample can also prepared by chemical vapor 
deposition (CVD) method or liquid phase exfoliation.10,11 Besides, MoS2 is interesting for next 
generation devices due to their tunable bandgap structure. For instance, monolayer MoS2 has 
a direct bandgap of 1.8 eV so it can serve as the the nano-transistor channel with an on/off ratio 
up to 108 , logic circuits and amploifiers with high gain.12,13 Interestingly, the bulk MoS2 has 
an indirect bandgap of 1.29 eV. 14,15 This thickness-dependent bandgap makes it applicable to 
potential photo-detection and optoelectronic applications and could be of interest for achieving 
a higher power conversion efficiency in traditional silicon solar cells.16,17   
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1.2 Thermal Transport across the Atomic-Layer Interface 
For the design and operation of these devices, knowledge of the materials’ thermal 
properties and the interfacial thermal conductance between adjacent layers 18 is a great factor 
in determining the device performance and durability. Especially, the interface between a two-
dimensional atomic layer material and substrate plays a critical role in the overall thermal 
conductance in the nanosystem and therefore determines the devices’ reliability, heat 
dissipation during operation, and lifetime.19,20 The thermal transport across interfaces is 
quantified by the interfacial thermal conductance or Kapitza conductance (denoted as G),21 
which is a critical property needed in device thermal design and also an important property to 
reflect the local atomic bonding level.22,23 However, the thermal transport across atomic-layer 
interfaces is very complicated and challenging to measure since the interfacial thermal 
conductance is intimately related to the characteristics of the interface properties, such as its 
structure, bonding, geometry, etc.24-26  
To date, several optical and electrical methods have been employed to measure the 
interfacial thermal conductance, such as the laser flash method,27 differential 3ω method,28 
ultrafast technique with femtosecond lasers (pump-probe),29,30 Raman-based thermal probing 
technique with electrical heating 31 and laser heating.32 Particularly, Tang et al. developed a 
separate laser heating Raman-probe method that has achieved significant improvement in 
measurement accuracy by controlling the heating with a desired laser wavelength and 
continuously adjusting the laser energy without interfering the sample.32 Besides, several 
theoretical methods were also applied to study the interfacial thermal transport. For example, 
non-equilibrium molecular dynamics (NEMD) simulation25,33-35 was a widely used atomistic-
scale modeling method for calculating the interfacial thermal conductance. A pump-probe 
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method using molecular dynamics simulation was employed to study the surface roughness 
effect on thermal transport across the graphene/Si interface.36 Additionally, the acoustic 
mismatch model (AMM) 37,38 and diffuse mismatch model (DMM) 39 were also widely used 
to study the thermal transport across weakly coupled systems at low temperatures.40 
Extensive research has been done for thermal transport at graphene/substrate interfaces. 
The results of the interfacial thermal conductance vary greatly due to different graphene 
preparation methods, the different interface structures, and different substrates. Ruoff et al. in 
2009 obtained an interfacial thermal conductance of (28+16/–9.2) MW·m–2K–1  for a supported 
graphene monolayer grown by chemical vapor deposition on copper.41 Mak et al. prepared 
single and multilayered graphene on fused SiO2 by mechanical exfoliation and obtained the 
interfacial thermal conductance ranging from 20 to 110 MW·m–2K–1.42  Chen et al. designed 
graphene flakes with different thickness sandwiched between 2SiO  layers and reported the 
thermal contact resistance from 5.6×10-9 to 1.2×10-9 K·m2/W with temperatures from 42 to 
310 K.43 In Yue et al.’s work, they obtained the thermal contact resistance between epitaxial 
graphene and 4H-SiC as high as 5.3×10–5 K·m2/W. 
For the interface thermal properties of MoS2 and its substrate. Taube et al. prepared a 
MoS2 monolayer supported on SiO2/Si substrates by the mechanical exfoliation method. They 
obtained an increasing interfacial thermal conductance with increasing temperature from 1.94 
MW·m–2K–1 at 300 K to 1.25 MW·m–2K–1 at 450 K.44 In contrast with graphene, little research 
has been conducted on the thermal transport across the interface between MoS2 and its 
substrate.  
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1.3 Hot Carrier Transport Effect on Thermal Energy Distribution 
In semiconductor materials, electrons or holes with higher energies compared to the 
Fermi Energy are called hot carriers. They can be generated electrically by high electrical field 
or by injection through a barrier. Carrier mobility (μ) describes the motion of electrons under 
electric fields. Hot carriers can also be produced optically by photons with excessive energy. 
In this electric field free environment, the carrier diffusivity (D) is more common for the 
description of charge movement. The diffusion is caused and directed by the concentration 
gradient instead of the electric field.  Hot carrier’s behavior plays a significant role in modern 
semiconductor science. Hot carrier phenomena (e.g., hot carrier effects) are important in the 
operation of many semiconductor devices such as laser diodes, solar cells, short-channel field-
effect transistors (FETs), and high-speed devices like ultrafast photodetectors and hot-electron 
transistors.17,45-47 Like free electrons in metals, transport of hot carriers is affected by various 
interactions between carriers and other elementary excitations (e.g. electron-phonon coupling, 
electron-electron collisions, the capture of carriers by impurities, exciton interactions, etc.) in 
semiconductor materials.48 So the study of hot carrier transport properties provides important 
information about scattering processes in semiconductors. Additionally, extensive work has 
been done on hot carrier in graphene with measured D as high as 11,000 cm2/s,17,49-51  while 
the report on MoS2 is scarce.12 
Until now, several methods have been developed and applied to study the hot carrier 
transport properties (mobility or diffusivity) either under high electric field or photon-injection. 
Majority works focus on electrically generated hot carriers. However, the experimentally 
measured carrier mobility by different methods varies by almost an order of magnitude. This 
large discrepancy could result from many factors: the charge impurity scattering, electron-
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phonon interaction, and screening by the surrounding dielectric environment.52 Besides, even 
the suppression of Coulomb scattering and modification of phonon dispersion from the devices 
preparation process can introduce strong effect. For example, the mobility of mechanically 
exfoliated multilayered (15-90 nm) MoS2 FETs with SiO2 as a high-κ dielectric is reported in 
the range of 30-60 cm2/Vs in a four-probe configuration.53 The exfoliated multilayered (8-40 
nm) MoS2 FETs on SiO2 have a carrier mobility from 10 to 50 cm2/Vs by two-probe 
measurements for back-gated structure.54 In contrast, the top-gated MoS2 FETs with HfO2 
demonstrated a mobility up to about 200 cm2/Vs, which is even higher than that of bandgap-
engineered graphene.12 During those measurements, they have to apply a voltage to the electric 
contact to control the electron population in the material. However, the question is still open 
to the role of the electrical contacts causing screening disorder in multilayered MoS2 FETs.53,55 
The use of a high-κ gate dielectric in a top-gated device is shown to boost the carrier mobility 
which is caused by screening of impurities by the dielectric and/or modifications of the MoS2 
phonons in the top-gated sample.12 Besides, the nanosheets could be potentially modified and 
even destroyed during the device preparation process (e.g., pattern electrical contacts using 
electron-beam lithography) especially for ultrathin samples.56-58 So optical-based 
measurements of hot carriers transport properties could give us more in-depth understanding 
of virgin 2D materials. For MoS2, very little optical-based studies have been reported on 
electron transport. Kumar et al. used transient absorption microscopy to determine the 
diffusivity of the thermalized electron (hot electron) of bulk MoS2 crystal to be around 4.2 
cm2/s.59 For multilayered MoS2, Wang et al. employed a spatially and temporally resolved 
pump-probe technique and obtained the carrier diffusivity as 20±10 cm2/s for few-layered (1.5-
2.2 nm) MoS2 on Si.60  
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For the laser heating assist thermal probing techniques, such as Raman spectroscopy, 
the hot carrier transport could strongly affect the measurement results. Because the generated 
hot carrier would diffuse out of the active laser heating are, rather than the energy transfer to 
phonons, as the main mechanism of the electron cooling.55 This diffusion could significantly 
extend the heating area size, especially when the laser focal spot size is comparable to the hot 
carrier diffusion length.  
1.4 In-plane Thermal Conductivity of 2D materials 
For 2D MoS2 based devices, a high thermal conductivity will facilitate the heat 
dissipation during the device operation, while a low thermal conductivity can enhance the 
thermoelectric conversion efficiency in thermoelectric devices.61 Besides, different from the 
conventional thin films, such as silicon thin films, the weak van der Waals interaction in 2D 
MoS2 makes the strength of boundary scattering much weaker.62 This will lead to a quite 
different thickness dependent trend. So the fast and accurate measurement of thermal 
conductivity in 2D MoS2, especially the thickness dependent thermal conductivity will help to 
understand the energy transport from both the fundamental and applied points of view.62-65  
Over the past decades, significant progress has been made in the thermal conductivity 
measurement of 2D MoS2 either by experiment or theoretical simulation. Some well-known 
experiment techniques include the 3ω method,66 the pump-probe thermoreflectance 
technique,67 and confocal micro-Raman technique.68,69 For theoretical methods, molecular 
dynamics (MD) simulation using Stillinger-Weber potential 63 and first-principles-driven 
approaches 61,70 are widely used. Especially, experimental works for few-layer MoS2, the 
results are ranging from 15 W/m·K to 100 W/m·K.65,71-74 Just for single layer, 34.5 W/m·K 
(ref. 64) and 84 W/m·K (ref. 75) have been reported. Since both sample quality and experiment 
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conditions are different, the direct comparison among those results will be less convincing. 
Besides, the results contain large experimental errors from several mechanisms. In the 3ω 
method and pump-probe technique, the sample post-processing (e.g., metallic layer deposition 
and metal lines on the sample surface) makes the results impossible to reflect the intrinsic 
thermal conductivity of 2D materials. So the non-invasive Raman based thermal probing 
technique is more favorable.  
However, there are still some challenges and possible origins of the measurement errors 
which limit its effective and numerous application.76 First, in the confocal micro-Raman 
technique, the laser power is absorbed and then conducted by the 2D MoS2. The accuracy of 
the measured thermal conductivity is directly connected to the laser absorption which is related 
to the interaction between a material and incident light and varies a lot from sample to 
sample.64,65 So the reported scattered or geometry dependent thermal conductivity value could 
partially come from laser absorption evaluation.62 Second, as with all the other thermal 
measurements, the experiment errors come from the values for the interfacial thermal 
resistance between the 2D MoS2 and its substrate (R). Even though R is very small for most of 
the time, the accurate determination and consideration of the interface thermal resistance are 
very crucial for the 2D MoS2 thermal conductivity study. Either referring the R value from 
other independent experiments or simply neglecting the effects of R could introduce great and 
yet unevaluated errors. Third, for semiconductor 2D materials just like MoS2, the optically 
generated hot carriers can strongly contribute to the thermal diffusion and heat dissipation 
during the micro-Raman measurement.77 The effect from the hot carrier diffusion on thermal 
transport has not been fully taken into account before. This usually leads to an underestimated 
heating area because the hot carrier diffusion could significantly extend the heating size. As a 
8 
 
result, an overestimated laser heating flux could lead to inaccurate thermal properties 
evaluation. At last, the temperature calibration coefficient of the targeted 2D materials has to 
be obtained to evaluate the absolute temperature. This gives very large errors and increased the 
uncertainty of the measured thermal conductivity in the micro-Raman experiment.65,78 
Considering these sources of uncertainty, the uncertainty of the measured thermal conductivity 
could be as large as 40% by confocal micro-Raman technique.79,80  
1.5 Scope of Present Work 
Firstly, we present a detailed temperature and laser power dependent micro-Raman 
spectroscopy study of different layers MoS2 nanosheets. We measure the interfacial thermal 
conductance (Gk) between few to tens of layered MoS2 and its c-Si substrate. At room 
temperature, we observe Gk increases with increasing layers of MoS2. Furthermore, we find 
that the number of layers (thickness) of MoS2 deeply affects the film corrugation, morphology, 
and interfacial thermal conductance. The MD simulation is also conducted to better interpret 
our results. Detail for this thickness dependent interfacial thermal conductance study is in 
Chapter 2.  
Secondly, in chapter 3, the hot carrier effect on thermal energy distribution is identified 
by the local temperature from the Raman spectroscopy by varying the laser heating size. This 
effect is taken into account for studying the interface energy transport for the first time. For 
four sub-10 nm thick MoS2 nanosheets on c-Si substrate, by a new developed Raman-based 
technique, we simultaneously determine the hot carrier diffusivity and interface thermal 
resistance. Unlike studies by electric techniques where the mobility of carriers was measured 
under an external electric field, we characterize the hot carrier diffusion caused by density 
gradient without making any electric contact to sample or exposing it to an electric field. 
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Therefore, this technique eliminates the detrimental effect of direct contact and measures the 
intrinsic carrier transport properties of materials.  
For optical-based measurement of materials’ thermal properties, the optical properties 
of the samples are the must-know parameters. They are related to the interaction between a 
material and incident light and vary a lot from sample to sample. Especially, for real 2D 
interface structure, a tiny change of the local spacing can significantly change the laser optical 
absorption, leading to large measurement errors. To this end, based on above two works, we 
develop a novel and more advanced technique: energy transport state-resolved Raman (ET-
Raman) to study the 2D materials’ thermal response under different laser heating states. By 
this technique, we could also determine R and D but completely eliminate the large errors 
introduced by laser absorption evaluation and Raman property temperature coefficient 
calibration. D and R could be determined by just comparing the Raman wavenumber shift 
measured from different energy transport states (in time and space domains). Therefore, this 
technique is believed to eliminate the errors brought in by local optical absorption evaluation, 
temperature coefficient calibration, and the effects from electrical contact. Therefore it 
provides a far more accurate understanding of interface energy coupling and hot carrier 
diffusion. This technique is successfully applied here to determine D and R of seven FL MoS2 
samples on c-Si substrate and six FL MoS2 samples on glass substrate. The ET-Raman for 
different substrates has different data processing processes, and they will described in chapter 
4 and chapter 5. 
At last, for the in-plane thermal energy transport, the hot carrier (D) and in-plane 
phonon (k) have different contribution and follow different physical rules. Besides, for the ET-
Raman developed to determine D and R, we have to input the k value referring others work 
10 
 
that may not be exactly suitable for our case. To this end, based on ET-Raman technique, we 
developed a Five-State ET-Raman technique to differentiate these two effect and 
simultaneously determine the k, D, and R for eight FL MoS2 samples ranging from 2.4 to 37.8 
nm thick on glass substrate. Besides, the large errors introduced by laser absorption evaluation 
and Raman property temperature coefficient calibration can be completely eliminated. 
Therefore it provides a far more accurate understanding of the intrinsic thermal property of 2D 
materials. In addition, this systematic non-contact thickness-dependent thermal conductivity 
study reveals the intrinsic properties of FL MoS2 and provides a practical guide for further 
advancing MoS2 based device technologies. 
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CHAPTER 2.  INTERFACE THERMAL ENERGY TRANSPORT: EFFECT OF 
MOS2 THICKNESS 
In this chapter, we report a systematic investigation of interfacial thermal conductance 
(Gk) between few to tens layered mechanical exfoliated molybdenum disulfide (MoS2) and 
crystalline silicon (c-Si). Details for sample preparation and characterization are presented in 
Section 2.1. As given in Section 2.2, based on Raman spectroscopy, we find Gk at room 
temperature increases with increased layer numbers of MoS2 from 0.974 MW/m2·K to 68.6 
MW/m2·K. The higher Gk of thicker samples reveals their better interface contact with the 
substrate, leading to accordingly improved interfacial energy coupling. Molecular dynamics 
(MD) simulations are conducted to interpret and compare with the experimental observations 
in Section 2.3. MD simulations predict a thermal conductance in the range of 53-77 MW/m2·K, 
which agrees well with the upper bound Gk measured in our work. The thickness dependence 
of measured Gk reflects the improved interface spacing for thicker MoS2 samples. This 
phenomenon is further confirmed by the Raman intensity enhancement study by the interface 
spacing and local optical interference calculations. 
2.1 Sample Preparation and Characterization 
2.1.1 Preparation of MoS2 Nanosheets by Mechanical Exfoliation Method 
The layered MoS2 samples through all my work are prepared by micromechanical 
cleavage of a bulk MoS2 (429MS-AB, molybdenum disulfide, small crystals from USA, SPI 
Suppliers). Several methods have been reported to prepare atomically thin MoS2 nanosheets, 
such as chemical vapor deposition and liquid exfoliation, etc. Among these, mechanical 
exfoliation is widely used and the most efficient way to produce clean, highly crystalline and 
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atomically thin nanosheets of layered materials for investigating of their intrinsic thickness-
dependent properties.81  
 
 
Figure 2.1  Micromechanical cleavage two-dimensional MoS2 preparation process.  
 
 
As in the typical mechanical exfoliation process, as shown in Fig. 2.1, we first put a 
small piece of bulk MoS2 on the sticky side of a piece of ordinary adhesive Scotch tape and 
then peel off appropriate thin MoS2 crystals. After repeating the peeling process several times, 
we identify some relatively thin crystals on the Scotch tape with microscope. Then we lay one 
gel film (Gel-Film, PF-20/1.5-X4, Gel-Pak) on the crystals and gently rubbed the back of the 
gel film by using tools such as a plastic plate to further cleave the crystals. The third step is to 
quickly peel back the gel film from the Scotch tape to transfer the crystals. Then we apply 
crystals inked gel film to a freshly cleaned c-Si substrate and carefully rub the back of gel film 
again. At last, by slowly peeling off the gel film from the substrate by a dedicated setup using 
3D micromanipulator, several MoS2 nanosheets with different thickness are left there.82 The 
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size of layered MoS2 nanosheets ranges from 3 to 15 µm. Optical microscope (Olympus 
BX53), atomic force microscope (AFM) and Raman spectroscopy are used to locate the MoS2 
nanosheets.  
2.1.2 Surface Morphology and Layer Thickness Study by AFM 
Figure 2.2 shows AFM images of seven cleaved samples of multilayer MoS2 
nanosheets. AFM is also used to measure the thickness of these MoS2 samples. We choose the 
contact mode of AFM instead of tapping or other modes to avoid possible artifacts in the 
nanosheet thickness measurements.83 Because we currently cannot do the sample thickness 
control, there is only one sample for each thickness level. In Fig. 2.2, for each sample, the left 
figure gives the 2D contour. The MoS2 sample is marked by the white dashed curves. The two 
blue lines indicate the edges where the height is measured [shown in the figures in the middle, 
e.g. Fig. 2.2 (a-1) and Fig. 2.2 (a-2)]. The blue dashed square indicates the location for detailed 
MoS2 surface morphology study. This morphology study is shown in the top figure on the 
right, e.g., Fig. 2.2 (a-3). The bottom figure on the right [e.g., Fig. 2.2 (a-4)] shows the height 
variation along the blue line in the top figure on the right [e.g., Fig. 2.2 (a-3)]. 
Take the AFM image of the 45 nm-thick sample as an example [Fig. 2.2 (a)], we explain 
the surface morphology characterization results. We can find that the surface height varies as 
much as 9.5 nm which indicates the existence of corrugations and/or ripples on the MoS2 layers 
[Fig. 2.2 (a-4)]. This variation is also partly induced by the non-uniform layer number of the 
sample. For other six samples, the surfaces are found much smoother with a height 
measurement noise of around 0.3 nm. The average height variation ranges from 0.94 nm to 
0.43 nm and the surface becomes smoother for thinner MoS2 samples. The noise in the AFM 
measurement (~0.5 nm) is obvious for the 4.2 nm thick sample and the white spots in Figs. 2.2 
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(d, f) are residual from gel films. In the experiment, the laser spot is on the MoS2 sample 
completely. From all the figures, it is conclusive that the surface of MoS2 sample is atomically 
smooth, except for the first sample (45 nm). In Fig. 2.2 (f), we can find that on the large sample 
there are also some small flakes. The large MoS2 sample has a thickness of 5 nm [Fig. 2.2 (f-
1) and 1(f-2)]. Besides, the surface of the substrate we use is same to Tang et al.’s work.32 As 
shown in Fig. 2.2 (b) of his work, when considering the AFM measurement noise, the surface 
of the c-Si is very flat and we believe that there is no protruding points on it. In our interface 
characterization, the laser spot is focused on the area without extra flakes, like the area 
indicated by the dashed square. 
 
Figure 2.2  Sample thickness measurement and surface characterization.  
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Figure 2.2 (continued) 
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Figure 2.2 (continued) 
 
2.2 Experimental Design and Physical Model for Interface Characterization 
2.2.1 Experiment Setup 
Raman scattering studies are conducted by using a BWTEK Voyage confocal Raman 
microscope system using a longitudinal single mode continuous-wave (CW) laser with an 
excitation wavelength of 532 nm as shown in Fig. 2.2 (a). The laser is introduced to the Raman 
system and its energy is adjusted by a neutral-density (ND) filter. Search and identifying of the 
MoS2 nanosheet sample on c-Si under microscope is realized using a 3D nano-stage 
(MAX313D, Thorlabs, Inc.) with a resolution of 5 nm. The laser beam is focused on the center 
of the sample and the laser power is varied between 2.61 mW and 12.1 mW to introduce 
different heating levels in the MoS2 samples. The absorbed energy is conducted away across 
the MoS2/c-Si interface to the substrate. We use the Raman spectrometer to measure the 
temperature of MoS2 and c-Si simultaneously. Based on the temperature difference between 
MoS2 and c-Si, and the absorbed laser power, we can directly determine the interfacial thermal 
conductance. Shown in Figs. 2.3 (b) (c) are the laser energy distribution (contour and 3D) under 
a 20 objective lens. From Fig. 2.3 (c) is clear that the energy distribution can be well described 
by a linear line from the center of the spot to its edge. Under 20, the spot size is around 5 m. 
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Under 50, the spot size is around 1.9 m. Quantitative definition of the spot size depends on 
how it is evaluated. Below when we discuss the physical model, the spot size will be discussed 
more. Physical models for detailed data processing will be described below, too. In our 
experiment, depending on the sample size and thickness, either 20 or 50 objectives is used. 
Details are summarized in Table 2.1. 
Table 2.1 Temperature coefficient of different layered MoS2 nanosheets and c-Si under the 
corresponding objective lens, and interfacial thermal conductance.  
Layer number 
of MoS2, 
objective lens 
Gk by Raman 
parameters of  1gA  
mode (MW/m2K) 
Temperature coefficient T  (cm-1/K) 
1gA  mode 
1
2gE  mode c-Si 
7 L, 50× lens 0.974±0.158 -(0.0143±0.0005) -(0.0146±0.0004) -(0.0191±0.0017) 
8 L, 20× lens 1.05±0.172 -(0.0110±0.0005) -(0.0111±0.0004) -(0.0195±0.0018) 
13 L, 20× lens 6.00±1.46 -(0.0153±0.0014) -(0.0158±0.0008) -(0.0190±0.0010) 
20 L, 20× lens 7.58±1.06 -(0.0237±0.0013) -(0.0299±0.0019) -(0.0248±0.0011) 
33 L, 20× lens 17.5±3.02 -(0.0174±0.0013) -(0.0221±0.0275) -(0.0271±0.0004) 
47 L, 20× lens 21.0±3.68 -(0.0221±0.0013) -(0.0275±0.0015) -(0.0353±0.0016) 
75 L, 50× lens 68.6±9.14 -(0.0174±0.0010) -(0.0194±0.0012) -(0.0355±0.0006) 
 
2.2.2 Effective Thermal Conductance between MoS2 and c-Si  
Considering the non-uniform distribution of the laser energy in space [Fig. 2.3 (b) and 
(c)], the temperature distribution in the MoS2 nanosheet measured in the experiment could be 
obtained from following heat diffusion equation in the cylindrical coordinate: 
 1 2
1 ( ) ( ) 0   s e ad dTk t r G T T Ir dr dr   (2.1) 
Where Ge is the effective interfacial thermal conductance per unit area. T1 is the 
temperature rise of MoS2 nanosheet upon laser heating, T2 the temperature rise of c-Si. Note 
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the effective interfacial thermal conductance (Ge) is defined based on the effective/average 
temperature measured in the experiment: T1 and T2. Since the measured temperatures do not 
represent the temperature of MoS2 and c-Si at locations immediately adjacent to their interface, 
the effect of temperature distribution in the thickness direction for MoS2 and c-Si will be 
considered to find the true interfacial thermal conductance. Ia (W/m2) represents the absorbed 
laser power per unit area in MoS2. This is calculated according to the TMM.84 The refractive 
index of air is 1. The refractive index and extinction coefficient of MoS2 are taken as 5.2 and 
1.1 when the wavelength (λ) of the laser beam is 532 nm.85 The refractive index and extinction 
coefficient of c-Si are 4.15 and 0.05 when λ is 532 nm.32 52sk  W/m·K is the in-plane thermal 
conductivity of MoS2 nanosheet.65 r is the radial position measured from the center of the laser 
beam, 0r  the radius of the laser beam spot, and t the MoS2 nanosheet thickness. In our 
experiment, the measured temperature rise is Raman/laser intensity weighted average over the 
laser spot size and can be expressed as 
 0 0
0 0
/ .  r ra aT I TdA I dA   (2.2) 
 
To reflect this weighted average temperature in above equation, we multiply Ia on both 
sides of Eq. 2.1, do the integral over the laser spot area, and then divide them by 0
0 r aI dA , 
finally we have                                     
 0 02(max) 1 1 2 0 0( ) / 0.    r rs a e a ak t I T G T T I dA I dAQ   (2.3) 
Here (max)aI   is the absorbed laser intensity in the center of the laser spot. In the above 
integral, we take one assumption that at the edge of the laser spot, the temperature rise is much 
smaller than the average temperature rise. This is true since the sample is very thin, the heat 
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conduction/transfer along the thickness direction in MoS2 is much larger than that in the in-
plane direction. In the above equation, the term 0 02
0 0
/ r ra aI dA I dA  in fact gives an equivalent 
heat flux ( effq ) we can obtain from our laser beam distribution and use it to evaluate Ge. Fig. 
2.3(b) and (c) show the contour and 3D profile of the laser beam for non-uniform laser 
distribution in space. Based on the calculated effective laser energy density, we could further 
evaluate the laser beam size as 2 2( ) /  beam a aA I dA I dA . Using this definition, the spot size is 
calculated as 35.7 µm2 for 20× and 5.90 µm2 for 50×. In our experiment, effq  for different laser 
energy levels are evaluated and used to suppress experimental noise and determine Ge.  
 
 
Figure 2.3  Schematic of the Raman experiment setup for characterizing the MoS2/c-Si 
interface energy coupling.  
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As shown in Fig. 2.3 (b) and (c), the laser intensity can be well represented with a linear 
distribution from the spot center to its edge. Therefore, we can calculate the total absorbed 
laser power Q in Eq. 2.3 as  
 0 0 (max) 2(max) 00 0
0
2 (1 )2 .
3
      r r aa a IrQ I rdr I rdr rr   (2.4) 
Finally, the effective interfacial thermal conductance can be described as  
 
2
0 1
1 2
3 / ( )
.
   
s eff
e
k t r T q
G
T T
  (2.5) 
In the experiment, by using only one incident laser energy, we can measure 1T , 2T  and 
effq , and then determine Ge. To suppress the experimental noise, we use different incident laser 
energy levels, and plot how 1T  and 2T  linearly vary against effq . Instead of using their absolute 
value, the slope of the relation: 1 /   effT q  and 2 /   effT q  are used to determine the effective 
thermal conductance as 
 
2
0 1
1 2
3 / ( ) / 1
.
/ /
         
s eff
e
eff eff
k t r T q
G
T q T q
  (2.6) 
The quantity /   effT q  could be experimentally obtained using following relation: 
 1,         
eff
p T
effeff
qT
q Tq P
  (2.7) 
where T  and  p  is first-order temperature coefficient and power coefficient for the Raman 
shift of MoS2 and c-Si. P is the laser power reaching the sample surface. The temperature 
coefficients of the Raman shift are obtained from the separate temperature calibration 
experiments. In our experiment, eight different incident laser powers are introduced to achieve 
accurate and linear power coefficients for MoS2 and c-Si. 
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2.2.3 Evaluation of the Real Interfacial Thermal Conductance 
In our experiment, as mentioned before, the measured temperatures of MoS2 and c-Si 
are not the ones immediately adjacent to their interface. Rather they have the effect of the 
temperature distribution in the thickness direction for both MoS2 and c-Si, and are discussed 
as below. 
Considering the finite thickness of MoS2, there is a temperature gradient existing in 
MoS2 caused by the exponential laser energy absorption and heat conduction in the MoS2 
nanosheet. The penetration depth of the Raman laser in MoS2 is 
21 MoS
/ (4 )   . At λ = 532 
nm, the extinction coefficient 
2
1.1 MoS  for MoS2, we have 1 38.5   nm. Following the 
coordinate definition in Fig. 2.3 (e), we could describe the energy absorbed in MoS2 nanosheets 
within (–t, z) as 1
2
( )/
MoS 01( ) [1 ]
z tI z I e    . In our work, since the sample is very thin, the heat 
conduction in the thickness direction is dominant over that in the in-plane direction. Also as 
indicated in Fig. 2.3 (e), the reflected laser beam at the interface is negligible in MoS2 in terms 
of absorption from the multiple reflections calculation. As a result, the temperature distribution 
within MoS2 could be expressed as 1
0 ( )/
1 1 010
( ) [1 ]   z tz= t s'T z = T I k e dz+ , where I01 is the 
laser intensity just entering MoS2 from the top surface. 'sk  is the cross-plane thermal 
conductivity of MoS2 nanosheets which has been obtained as 2 W/m·K.72 Actually, the Raman-
based temperature measurement is an intensity-weighted average temperature in the thickness 
direction. So 1 1
0 0( ) ( ) ( )
1 0 1 01( ) ( )
  
  - z t / ( / 2) - z t / / 2'exp 1 z=t tT = T z e dz e dz = T + f t I . 1( )f t  is a function 
of thickness t and given as:                       
 
1 1 1
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  (2.8) 
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The equivalent heat conduction resistance (R1) caused by the finite thickness is 
 
1/
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  (2.9) 
For c-Si, similar to MoS2, its measured temperature is not the temperature immediately 
next to its upper surface either, but an average temperature within the focal depth of the Raman 
probing laser. The temperature distribution reflects the effects of the heat flux from the MoS2 
sheet plus the laser energy absorption in c-Si. The temperature rise distribution induced by the 
heat flux from MoS2 is linearly distributed against the thickness in the region close to the c-Si 
surface. The penetration depth of the Raman laser in c-Si is 2 (4 )   Si . With 0.05 Si  
for silicon, we have 2 820  nm. As the Raman excitation laser is focused on the c-Si surface 
and considering the Raman intensity weighted average for temperature measurement, we can 
calculate the measured temperature of c-Si as 2 2- /( /2) - /( /2)exp 20 0( )
z zT T z e dz e dz 
   
22 /2z
T  ,32 where z is the distance from c-Si surface as shown in Fig. 2.3(e). This means the 
extra temperature of c-Si measured in the experiment is equal to the value at 2 / 2 410 z  
nm. The equivalent heat conduction resistance of c-Si across this distance is 
2
2 2 0 1/{2 [3 / ( ) / 1]}     Si s effR k k t r T q , which we should subtract from the measured 
effective thermal resistance ( 1eG ). 
Finally, the laser energy transmitted from MoS2 to c-Si also causes a temperature 
gradient in c-Si because of the laser absorption. As shown in Fig. 2.3 (e), the energy absorbed 
in c-Si within (0, z) could be described as 2- /02( ) (1 )
  zI z I e  and the temperature distribution 
could be expressed as 2- /2 2 020 0( ) (1 )

   z zz SiT z T I k e dz . Here I02 is the laser intensity just 
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entering c-Si from the interface, and is expressed as 2/02 (1 )
 tI e  after neglecting the weak 
reflection at the local interface. Similar to MoS2, the Raman-based temperature measurement 
in c-Si is also an intensity-weighted temperature for the laser spot. So this effect is expressed 
as 2 2- /( /2) - /( /2)'exp 20 0( )
z zT T z e dz e dz 
     1/2 0 01 2(1 ) 6tz SiT I e k    . The equivalent heat 
conduction resistance caused by this effect is 
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To the end, the real interfacial thermal conductance Gk should be: 
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2.3 Results and Discussion 
2.3.1 Raman Characterization of MoS2 Nanosheets 
For all the seven MoS2 samples, first, we conduct Raman characterization under the 
same conditions to study the sample’s difference in terms of Raman properties. A 532 nm laser 
under a 50× objective lens is used in the Raman spectroscopy study. The samples are excited 
with 3.28 mW laser power and the integration time is 10 s. Fig. 2.4 (a) shows the strong signals 
from both 12gE  and 1gA  vibration modes in ambient environment. The 
1
2gE  mode is associated 
with in-plane opposite vibration of two sulfur atoms with respect to the molybdenum atom, 
whereas the 1gA  mode is associated with the out-of-plane vibration of only sulfur atoms in 
opposite directions.44 We observe the 12gE  (~383 cm-1 for thin MoS2) and 1gA  (~407 cm-1 for 
thin MoS2) modes from curve fitting by using the Lorentzian function. Instead of using 
Gaussian function, we find using Lorentzian function could better determine the Raman 
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parameters of MoS2. Fig. 2.4(b) depicts the Gaussian-fit Raman spectra of c-Si with different 
thickness MoS2 sample on its surface. The c-Si Raman peak position at around 521 cm-1 
determined from the Gaussian fit is used as an intrinsic Raman shift for temperature 
determination of the c-Si substrate. As shown in Fig. 2.4 (c), we could observe the thickness 
dependence of the Raman intensity of Raman active 12gE  and 1gA  modes in MoS2 nanosheets. 
When the sample is thicker, the Raman signal of MoS2 is stronger and that of c-Si is weaker 
(inset). For the Raman intensity of MoS2, it does not increase with the sample thickness linearly 
since the laser absorption in MoS2 follows an exponential function. The trend indicates that 
when the thickness of MoS2 goes further, intensity saturation will be reached. For the Raman 
intensity of c-Si, when the MoS2 layer is thicker, less laser will reach the substrate to excite 
Raman signals. In addition, less percentage of the Raman signal will have the chance to reach 
out and be detected because some Raman signal is also absorbed by MoS2 nanosheets. 
Figure 2.4 (d) displays the thickness dependence of Raman shift of two Raman modes 
in MoS2 nanosheets. The Raman shift of 12gE  mode softens while that of the 1gA  mode has a 
blue shift with the increased layer number. This is mainly because the interlayer Van der Waals 
force in MoS2 layers becomes stronger with increased layer number, causing the decrease of 
the force constant for 1gA  mode and structure changes. As for the contrary behavior in 
1
2gE
mode of MoS2, it suggests that the increased interlayer Van der Waals force may play a minor 
role. The stacking induced structure change or the possible presence of additional interlayer 
interactions such as the long-range Coulomb interlayer interactions in layered MoS2 
nanosheets may dominate the change of atomic vibration. We also plot the Raman shift 
difference [  , in cm-1 unit] as a function of the layer number in Fig. 2.4 (d). In the past, the 
Raman shift difference has been found to be a convenient diagnostic of the layer thickness of 
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MoS2 nanosheets. Our result is consistent with results and predictions of Lee et al.’s work : 
Δω =25 cm-1 is for about 7 layers and Δω increases with increasing sample thickness.86  
 
Figure 2.4  Raman characterizations of seven MoS2 nanosheet samples.  
 
In the Raman experiments, for each sample, eight room-temperature Raman spectra are 
collected at the laser power ranging from 2.61 to 12.1 mW. This heating power variation is 
designed to study the Raman spectrum change under the heating and to significantly suppress 
the noise. Fig. 2.5 (a) shows the five representative Raman spectra and their corresponding 
Lorentizian fits collected from the MoS2 sample of 4.2 nm thickness. As the laser power 
increases, the Raman wave number of both 12gE  and 1gA  modes shift to left (red-shift). These 
changes indicate the local temperature of the sample surface goes higher under a higher laser 
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power. The Raman shift for the two vibration modes as a function of incident laser power are 
plotted in Fig. 2.5 (c). In our specified laser power range, it is observed that the Raman shift 
linearly depends on the laser power by 2 1 2 1( ) ( ) ( )          P PP P P P T . P  is the 
first-order laser power coefficient for MoS2 vibration mode and P is the laser power. The fitted 
P  for 12gE  and 1gA  modes are quite close, ‒(0.182±0.010) cm-1/mW and ‒(0.192±0.012) cm-
1/mW, respectively. 
We also calibrate the temperature coefficients of MoS2 and c-Si Raman spectra to 
determine the local temperature during the interfacial thermal conductance experiment. This 
calibration is conducted for each sample considering the possible sample-to-sample difference. 
In the calibration experiments, the MoS2/c-Si sample is placed on a heated stage and the 
sample’s temperature is controlled by a voltage transformer that powers the heater, and 
monitored by a thermocouple. Raman spectra of both MoS2 and c-Si are collected after the 
sample’s temperature reaches a stable reading. Fig. 2.5 (b) shows four representative Raman 
spectra and their corresponding Lorentzian fits with the temperature ranging from 310 to 415 
K. The Raman shift of both 12gE  and 1gA  modes decreases against increased temperature. 
Figure 2.5 (d) shows the temperature coefficients of the Lorentzian-fit Raman peaks 
from 292 to 415 K for both 12gE  and 1gA  modes. At higher temperatures, all layers expand 
with the same rate leading to a nearly linear decrease of the Raman shift for both 12gE  and 1gA  
modes. So that we could describe the Raman peak position as a function of temperature
2 1 2 1( ) ( ) ( )          T TT T T T T . T  is the first-order temperature coefficient for 
MoS2 vibration modes and T is temperature. Here, we do not consider the higher order 
temperature coefficients because these terms are significant only at high temperature about 570 
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K and above.65 In our experiment, the MoS2/c-Si samples are firmly placed on the 3D 
nanostage and the same point of each sample is measured during temperature calibration and 
interfacial thermal conductance experiment. This treatment eliminates possible location-to-
location structure variation and temperature coefficient variation.  
 
Figure 2.5  The Lorentzian-fit Raman spectra and linear fitting for Raman shift against laser 
power and temperature of 4.2 nm thick MoS2 nanosheets.  
 
The observed linear evolution of the Raman peak position with temperature is actually 
a manifestation of the anharmonic terms in the lattice potential energy which is determined by 
the phonon occupation number, the anharmonic potential energy, and the thermal expansion 
of the crystal. That is, the temperature effects could be approximately attributed to two factors: 
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energy shift of the lattice due to the anharmonic phonon-phonon interactions and the shift 
contribution caused by the thermal expansion of the crystal. As the lattice expands or contracts 
because of temperature change, the equilibrium positions of atoms are displaced and 
consequently the interatomic forces change. This modifies the phonon vibrational frequencies 
shown in the form of the Raman spectra.87,88 In our work, the temperature coefficients 
difference of vibration mode 12gE  and 1gA  shown in Fig. 2.5 (a) as red and blue curves are just 
an indication of the different anharmonic coupling of the phonon modes. Because we prepare 
all the MoS2 nanosheets samples by mechanical exfoliation, it is highly possible that wrinkles 
and/or ripples are introduced to the nanosheets which could result stress/strain in the 
nanosheets. Additionally, the MoS2 nanosheets on c-Si substrate could be more affected by the 
changes in the nanosheets morphology such as wrinkles and ripples when temperature 
increases. This is mainly caused by the thermal expansion coefficient difference between MoS2 
and c-Si. All these combine together to result in different temperature coefficients among MoS2 
samples as shown in Fig. 2.5 (a) and Table 2.1.  
Based on the first-order temperature coefficient T  and the power coefficient P  for 
MoS2, we could extract the interfacial thermal resistance/conductance between MoS2 and c-Si 
as shown in Figs. 2.6 (b), (c), and (d). From Figs. 2.6 (b, c), we can find that the three 
temperature correction equivalent thermal resistances together have bigger effects on 
interfacial thermal resistance ( 1kG ) when the sample is thicker. R2 is roughly a constant. R3 
approaches zero while R1 becomes larger for thicker samples. In addition, the equivalent heat 
conduction resistance (R1) caused by the finite thickness of MoS2 affects 1kG  most. By 
subtracting all those three equivalent thermal resistances, we get that 1kG  decreases by about 
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two orders of magnitude with increasing layer numbers of MoS2 based on the Raman 
parameters of both 12gE  and 1gA  vibration modes. 
 
Figure 2.6  The temperature coefficients and interfacial thermal conductance results as a 
function of MoS2 layer number.  
 
From Fig. 2.6 (d), kG  obtained from 
1
2gE  and 1gA  vibration modes are very close and 
follow the similar trend. Since the 12gE  mode would be more affected by the interaction 
between the nanosheets and the substrate than the 1gA  mode,89 we choose the 1gA  mode results 
results to evaluate the interfacial thermal conductance and elaborate the discussion. The 
uncertainty of our results mainly comes from the linear fit of the temperature coefficients as 
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shown in Table 2.1. The real interfacial thermal conductance at room temperature increases 
with increased layer number of MoS2 from around 0.974 MW/m2·K to 68.6 MW/m2·K. The 
thermal conductance increases by 70 times. They are almost on the same order of magnitude 
as the interfacial thermal conductance of monolayer graphene supported on SiO2 [(28+16/–
9.2) MW/m2·K].41 The interfacial thermal conductance of  MoS2 monolayer supported on 
2SiO /Si substrates was found to vary from 1.94 MW/m2·K at 300 K to 1.25 MW/m2·K at 450 
K.44 This result is quite close to the interfacial thermal conductance we report here for the thin 
MoS2 nanosheet (7 and 8 layers). The values are also similar to those reported for different 
metal-insulator interfaces that lies between 30 MW/m2·K and 110 MW/m2·K. The results 
deviation presumably reflects the relatively poor nature of interface prepared by the 
mechanical exfoliation process. The fact that thicker samples having a higher kG  in our work 
indicates their better surface contact with the substrate, leading to accordingly improved 
interfacial energy coupling. As we discussed early, the wrinkles and/or ripples maybe 
introduced to the nanosheets during the mechanical exfoliation process. In addition, the thinner 
MoS2 nanosheets samples may be more likely to be folded, corrugated. For example, as shown 
in Fig. 2.2 (f), there is folded area just at the bottom the sample. All these mechanical-folding 
type defects could definitely decrease the interface thermal conductance. Tang et al.’s MD 
simulation results show that the interatomic forces between the sample and substrate will 
decrease thousands times when the spacing or separation between these materials increases 
just quarter nanometers.32 This will lead to corresponding smaller interface thermal 
conductance. However, the intrinsic value of the 2MoS /c-Si interfacial thermal conductance 
could be higher as shown in our molecular dynamics simulation discussed later in this work.  
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2.3.2 Effect from Sample Thickness: Interpretation from Interface Structure 
To further interpret our above interfacial thermal conductance results, we perform the 
following Raman intensity enhancement study to reveal the interface structure. If there is a tiny 
spacing between MoS2 and c-Si at the interface, the local thermal conductance will reduce 
significantly. At the same time, the tiny spacing will give rise of Raman intensity. So in this 
section we study the Raman intensity of the MoS2 sample against its thickness, in anticipation 
to uncover the local interface spacing information. The multiple reflection of the incident laser 
beam and Raman signal within a supported film and the spacing between it and the substrate 
has been studied in previous work.90,91 The net absorption factor (Fab) is given by 
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where 1 0 0 12 ( ) t n n n , 1 0 1 0 1( ) ( )  r n n n n  , 2 1 2 1 2(  ) ( )  r n n n n    , and 
3 2 3 2 3(  ) ( )  r n n n n     are Fresnel transmittance and reflection coefficients for the interface 
involving air (0), MoS2 nanosheets (1), air (2), and Si (3). 0n , 1n , 2n  and 3n  are the refractive 
indices for air, MoS2 nanosheets, air, and c-Si, respectively. 12  x xn , 1 1 12   d n  and
2 2 22   d n , where x is the depth of the point where interaction occurs, λ is the wavelength 
of incident laser, 1d  and 2d  are the thickness of MoS2 nanosheets and c-Si, respectively. First, 
we assume there is no air between MoS2 nanosheets and the c-Si substrate. The Raman 
intensity variation with the MoS2 thickness will be compared with the experimental results to 
evaluate whether there is an interface spacing. 
The net scattering factor ( )scF  is given by  
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where '1 1 0 12 ( ) t n n n   and λ is the wavelength of the 1gA  mode of MoS2. Then the theoretical 
Raman intensity ( )F  is given as  
 1
2
0
,  d ab scF F F dx   (2.14) 
In the calculation, the refractive index of MoS2 nanosheets is 5.2‒1.1i. The refractive 
indices of c-Si are 4.15+0.05i and 3.99+0.33i for incident laser and Raman scattering, 
respectively.  
 
Figure 2.7  Theoretical Raman intensity study results.  
 
Figure. 2.7 (a) shows the comparison of the experiment Raman peak intensity trend of 
MoS2 A1g mode and the theoretic Raman intensity F for our seven MoS2 nanosheets samples. 
In the figure, we assume that there is no spacing for 75-layer MoS2 sample for the theoretical 
Raman intensity calculation. The deviation of the calculation results and our experiment results 
uncovers the spacing existence for other six MoS2 samples, especially for the thicker ones, 33 
and 48-layer MoS2. Compared with the theoretical calculation, Fig. 2.7 (a) shows that when 
the MoS2 becomes thinner, the experimental Raman intensity is much higher than the case 
without interface spacing. This strongly proves the existence of spacing between MoS2 and c-
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Si. The spacing between the sample and it substrate will dramatically weaken the interatomic 
forces between these two materials which will lower the thermal energy coupling between the 
MoS2 and c-Si system. Eventually, the spacing will result in reducing the interfacial thermal 
conductance. To demonstrate how the interface spacing can change the Raman intensity, we 
take the 75-layer (45 nm) MoS2 as an example to calculate how much the Raman intensity will 
change when the spacing thickness changes. This result is shown in Fig. 2.7 (b). This possible 
loose contact could also result in the different temperature coefficients for different layered 
MoS2 samples as shown in Fig. 2.6 (a). Additionally, with the laser heating of the sample, 
imperfect contact between thick MoS2 nanosheets and c-Si interface could  more likely 
transform into relatively well smooth contact, leading to more effectively heat transfer. 
2.4 Physics Interpretation Based on Molecular Dynamics Simulations 
To help better interpret the experimental results, molecular dynamics (MD) simulations 
are conducted to study the MoS2/c-Si interfacial thermal conductance. The inset of Fig. 2.8 (a) 
shows the physical domain construction for a MoS2 nanosheet sample placed above a silicon 
bulk. There are nine layers of MoS2 and it measures 17.7 × 3.8 × 5.2 nm3. The silicon bulk 
measures 22.3 × 5.8 × 5.3 nm3. Varshney et al.92 have studied the force field of MoS2 
systematically. Following their work, we create an orthorhombic unit cell based on the original 
non-orthorhombic structure of MoS2. This transformation does not change any modeling 
dynamics for its constituent atomic entities.92  
The set 8 of the force field parameter in the work of Varshney et al. 92 is used in this 
simulation. The bond interaction of Mo and S is described by the Morse interaction. The angle 
component of the force field is described by harmonic style. The non-bonded component of 
the force field is described by the Lennard-Jones (12-6) potential. The partial electrostatic 
34 
 
charge of Mo is 0.76 and of S is ‒0.38 in the unit of one electron charge. Standard Ewald 
summation is employed to take care of the long-range Coulombic interaction. Table 2.2 shows 
the details of the force filed parameters for MoS2. All simulations here were performed using 
LAMMPS molecular dynamics package from Sandia National Laboratories.93 
Since the interaction between the MoS2 and c-Si is weak, the van der Waals force and 
Lennard-Jones (12-6) potential are employed to describe the interaction. Similar method has 
been used for interface interaction of other materials.36,94-96 According to the universal force 
field,97 the parameters of the Lennard-Jones potential are: 3.71  S Si Å, 3.27  Mo Si Å, 
0.0143  S Si  eV, 0.0065  Mo Si eV. The initial distance of MoS2 and c-Si is set to be 3.54 
Å. Periodic boundary condition is applied to the x and y (in-plane) directions and free boundary 
condition for the z (out-of-plane) direction. The conjugate gradient method is used for the 
initial minimization. The distance between MoS2 and c-Si is 2.5 Å at equilibrium. Afterwards, 
MoS2 is irradiated by a short thermal pulse of q = 3.6 ×10–3 W for 50 fs. 
Table 2.2 The force field parameters of MoS2 in the MD simulation.  
 
Parameters Potential Coefficients 
Bond (Mo-S) Morse interaction D0 = 19.945, α = 0.858, r0 = 2.39 
Angle(Mo-S-Mo) Harmonic style K = 2.5163, θ0 = 82 
Angle(S-Mo-S) Harmonic style K = 2.5163, θ0 = 82 
Non-bonded (Mo-Mo) Lennard-Jones (12-6) ε = 0.8382, σ = 2.551 
Non-bonded (S-S) Lennard-Jones (12-6) ε = 0.0606, σ = 3.3695 
Non-bonded (Mo-S) Lennard-Jones (12-6) ε = 0.0339, σ = 2.9318 
Equation for Morse interaction: 0 02 ( ) ( )0 2
       r r r rE D e e , 
Equation for Harmonic interaction: 20( ) E Κ , 
Equation for Lennard-Jones (12-6):    12 64 / /     E r r . 
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Because of the thermal pulse, the temperature of MoS2 has an abrupt increase in the 
beginning. Then heat would be transported from MoS2 nanosheets to c-Si. The temperature 
of MoS2 decreases while the temperature of c-Si increases. 
 
Figure 2.8  Molecular Dynamics simulation results.  
 
Fig. 2.8 (a) shows the temperature evolution of MoS2 and c-Si for a 7-layered MoS2 
sheet. To precisely determine the interface thermal conductance, the top 4 layers of c-Si bulk 
are chosen for the temperature calculation, and the bottom 2 layers of MoS2 are used for its 
temperature calculation. The interfacial thermal conductance is calculated as 
 
2MoS Si
,
       
pn C T tG
T T A
  (2.15) 
where T/t  is the temperature changing rate of MoS2. 
2MoS
Τ  is the bottom temperature of 
MoS2, and SiΤ  is the surface temperature of c-Si. A is the contact area of MoS2 and c-Si. n is 
the number of mole and pC  is heat capacity of the MoS2 nanosheet. In our calculation, the 
average temperature of MoS2 is first fitted with an exponential function first, then T/t is 
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calculated based on the fitted exponential function. For 
2MoS
T  and SiT  , instead of using the 
raw data in Eq. 2.15, we first fit them using an exponential function, as shown in Fig. 2.8 (a), 
and then use the fitted data for interface thermal conductance calculation. All these treatments 
are intended to reduce the statistical noise in the MD raw data. 
Figure 2.8 (b) shows the interfacial thermal conductance determined from Eq. 2.15. 
The calculated G changes during thermal relaxation due to change of the energy coupling of 
the interface. The interface thermal conductance is roughly proportional to the interface 
materials phonon specific heat and the phonon transmission.98 During thermal relaxation, 
although the c-Si surface temperature increases a little bit, MoS2 bottom temperature reduces 
more. Therefore, the interface material phonon specific heat goes down, leading to decreased 
G. More detailed explanation about the temperature effect on interface thermal conductance 
can be found in our recent work.98 The thermal conductance is different for these three different 
cases. Generally speaking, we can conclude that when the material is thicker, the interface 
thermal conductance is higher. This trend agrees well with our experimental observation. In 
our MD simulation, we have tried thinner MoS2 nanosheets, but found they are vulnerable to 
tiny stress in the material, and intend to warp. Therefore, the increased mechanical stiffness of 
thicker samples will help form a better contact with the c-Si substrate, leading to increased 
interface thermal conductance. Based on the results shown in Fig. 2.8 (b), we could get the 
interfacial thermal conductance around 56.6, 62.0, and 74.1 MW/m2·K for 7L, 8L, and 13L 
respectively. These are higher than the experiment result (Table 2.1) of respectively layered 
MoS2. This reveals the imperfect contact of MoS2 and c-Si in our experiments samples. The 
upper bound of our experimentally measured G is 68.6±9.14 MW/m2·K, very close to the MD 
simulation result.    
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CHAPTER 3.  HOT CARRIER EFFECT ON INTERFACE THERMAL TRANSPORT 
OF MOS2 NANOSHEETS 
In this chapter, we develop a novel approach for non-contact simultaneous 
determination of hot carrier diffusivity (D) and interface thermal resistance (R) of sub-10 nm 
mechanically exfoliated MoS2 nanosheets on c-Si. The effect of hot carrier diffusion in heat 
conduction by photon excitation, diffusion, and recombination is identified by varying the 
heating spot size from 0.294 μm to 1.14 μm (radius) and probing the local temperature rise 
using Raman spectroscopy. The hot carrier diffusion length (LD) can be determined without 
knowledge of the hot carrier’s life time. Unlike previous methods by making electrical contacts 
and applying an electric field for D measurement, our technique has the advantage of being 
truly non-contact and non-invasive, and is able to characterize the electron diffusion behavior 
of virgin 2D materials. Also it points out that hot carrier diffusion needs to be taken into serious 
consideration in Raman-based thermal properties characterization of 2D materials, especially 
under very tightly focused laser heating whose spot size is comparable to the hot carrier 
diffusion length. This chapter begins with the characterization of samples in Section 3.1. In 
Section 3.2, physical principle and experiment details are introduced. The measurement results 
of both R and D are reported in Section 3.3, followed by structure and physics analysis 
discussion. 
3.1 Sample Preparation and Characterization 
Same to Chapter 2, we prepare the four sub-10 nm thick multilayered MoS2 samples 
by micromechanical cleavage from their parent bulk MoS2 crystals. In this work, the lateral 
size of layered MoS2 nanosheets ranges from 4 to 12 µm. We use optical microscope, atomic 
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force microscope (AFM) (Model MMAFM-2, Digital Instruments, CA, USA) and Raman 
spectroscopy to identify and locate the MoS2 nanosheets.  
 
Figure 3.1  AFM measurement results of four MoS2 samples.  
 
Figure 3.1 shows AFM scan images of the four studied MoS2 samples on the c-Si 
substrate. The samples have a thickness of 3.6 nm, 5.4 nm, 8.4 nm, and 9.0 nm, respectively. 
In Fig. 3.1, for each sample, the sample area is marked by the dashed white curves. Two red 
lines indicate the edges for height measurements and the measurement results are shown in the 
right two figures for each sample. The blue box in each sample AFM image shows the area 
where the laser is focused during Raman experiment. The sample surface roughness is 
evaluated as well. The 3.6 nm thick sample has a root-mean-square (RMS) roughness (Rq) of 
0.563 nm. As the thickness increases, RMS roughness increases: Rq value for the 5.4 nm, 8.4 
nm, and 9.0 nm thick sample is 0.970 nm, 0.911 nm, and 1.10 nm, respectively. This is 
probably due to possible wrinkles or ripples in the samples. Also, the substrate (c-Si) has a Rq 
of 0.09 nm, confirming its atomically smooth surface.  
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3.2 Physical Principle and Experimental Details 
3.2.1 Physical Principle 
The schematic in Fig. 3.2 (a) shows the physical principles of our non-contact 
technique. Here we use a CW 532 nm (E=2.33 eV) laser to excite the MoS2/c-Si structure. 
Because the excitation energy E is greater than the bandgap of MoS2 (Eg=1.29~1.80 eV) and 
c-Si (Eg=1.15 eV), the electrons (e) are excited by the absorbed photons to the conduction 
band, leaving holes (h) in the valence band. Part of the photon energy ( )   gE E E  of hot 
carriers is quickly dissipated to other electrons and the lattice by a fast non-radiative process. 
This occurs very quickly (about 10-12 s) so that we can neglect carrier diffusion effects during 
this process. The rest part of photon energy (Eg) is carried by electrons. They will store this 
photon energy and diffuse out of the excitation spot before recombining with holes, leading to 
a significantly wider thermal source spatial redistribution as a result of diffusion. Due to the 
Coulomb attraction, the excited electrons and holes move together as e-h pairs in this diffusion 
process. The time of this diffusion process are typically nanoseconds and diffusion cannot be 
neglected.99 Since both the multilayered MoS2 and c-Si have an indirect bandgap, the radiative 
recombination of carriers is greatly restricted by crystal momentum conservation. Therefore, 
the excited hot electrons would release the laser energy via non-radiative recombination with 
holes by exciting phonons. The energy of these phonons in MoS2 dissipates within the 2D 
nanosheets and through layers down to substrate to raise the temperature, eventually reaching 
thermal equilibrium with the electrons. 
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Figure 3.2  Schematic of MoS2 under a CW 532 nm laser illumination (not to scale). The 
physical model of hot carrier generation, diffusion, and recombination. The Raman experiment 
setup.  
 
The schematic in Fig. 3.2 (a) shows the physical principles of our non-contact 
technique. Here we use a CW 532 nm (E=2.33 eV) laser to excite the MoS2/c-Si structure. 
Because the excitation energy E is greater than the bandgap of MoS2 (Eg=1.29~1.80 eV) and 
c-Si (Eg=1.15 eV), the electrons (e) are excited by the absorbed photons to the conduction 
band, leaving holes (h) in the valence band. Part of the photon energy ( )   gE E E  of hot 
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carriers is quickly dissipated to other electrons and the lattice by a fast non-radiative process. 
This occurs very quickly (about 10-12 s) so that we can neglect carrier diffusion effects during 
this process. The rest part of photon energy (Eg) is carried by electrons. They will store this 
photon energy and diffuse out of the excitation spot before recombining with holes, leading to 
a significantly wider thermal source spatial redistribution as a result of diffusion. Due to the 
Coulomb attraction, the excited electrons and holes move together as e-h pairs in this diffusion 
process. The time of this diffusion process are typically nanoseconds and diffusion cannot be 
neglected.99 Since both the multilayered MoS2 and c-Si have an indirect bandgap, the radiative 
recombination of carriers is greatly restricted by crystal momentum conservation. Therefore, 
the excited hot electrons would release the laser energy via non-radiative recombination with 
holes by exciting phonons. The energy of these phonons in MoS2 dissipates within the film 
and through layers down to substrate to raise the temperature, eventually reaching thermal 
equilibrium with the electrons. The generation and diffusion of heat and hot carriers in the 
sample are governed by two partial differential equations in steady state ( / 0  N t ).100,101 
The first one is the carrier diffusion equation to determine the hot carrier concentration 
N( ,t )r (cm-3): 
 2 0 0, 
      
nN TD N
T
  (3.1) 
where DE (cm2/s), τ (s) and Ф (photons/cm3s) are the carrier diffusivity, the electron-hole 
recombination time of MoS2 and the incident photon flux of the laser source.  is the optical 
absorption coefficient of the MoS2 nanosheets. n0 (cm-3) is the equilibrium free-carrier density 
at temperature T. The first term on the left side is about the carrier diffusion, the second term: 
N/ represents the electron-hole recombination. The thermal activation term  0( / ) /  n T T  
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is related to the carrier creation due to the temperature rise. It is negligible under the relatively 
low-temperature rise and in small free-carrier density case.100,102 In our experiment, for the 3.6 
nm thick sample, the temperature rise under 20× objective is only 1.0 K per mW (temperature 
rise for other samples under different lenses are summarized in Table 3). Besides, the free 
carrier density at equilibrium could be given as 0 exp( / 2 ) s g Bn N E k T , where Ns is the 
number per unit volume of effectively available states. It is of order 1019 cm-3 at room 
temperature and increases with temperature. kB is the Boltzmann’s constant. Eg is the bandgap 
energy. kB is the Boltzmann’s constant. At room temperature, kBT = 0.026 eV. Since Eg=1.3 
eV, so B gk T E  gives a very small n0 (room temperature) to neglect the thermal activation 
term. The last term Фα is the carrier photogeneration source term. In our work, the MoS2 film 
is very thin (sub-10 nm) compared with its lateral dimension (4 ~ 12 µm), so the hot carrier 
gradient in the thickness direction is neglected. Therefore, Eq. 3.1 only considers the in-plane 
direction diffusion.  
The second equation is the thermal diffusion equation that involves the free carrier 
density since non-radiative recombination is a heat source: 
 2 ( ) 0,  
      gg
E N
k T h E   (3.2) 
where T( ,t )r  (K), k (W/mK) and Eg (eV) are the temperature rise, the thermal conductivity 
and the bandgap energy of the multilayered MoS2. And hν (eV) is the photon energy of the 
laser source. The second term of equation (17), ( )  gh E , which is proportional to hv–Eg, 
represents the heat generation due to photo-generated carriers giving off the excess energy to 
the MoS2 lattice. The term /gE N  contains the carrier concentration represents the heat 
generation through the non-radiative recombination of free carriers. 
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The hot electrons will diffuse in the sample until they recombine with holes through 
the non-radiative transition. Therefore, the real heating area will not be simply the laser 
irradiating area. Instead, it will be strongly affected by the hot carrier diffusion length (
DL D ) of the electrons. When the laser heating spot size (radius: 0.294 μm to 1.14 μm) is 
comparable to the carrier diffusion length and the laser heating spot size is relatively small, 
this effect becomes more prominent. If the laser heating spot size is sufficiently large, the hot 
carrier diffusion will have less or negligible effect on the heating area. For multilayered MoS2, 
the hot carrier diffusion length is in the order of 0.1 μm.12,103 So we could observe different 
heating phenomena in MoS2 by changing the laser heating spot size. However, the c-Si used 
in this experiment is single-side polished silicon wafer [p-doped, (100)-oriented, 0-100 Ω·cm 
resistivity, ~335 μm thickness] from University Wafer Company (Boston, MA). The diffusion 
length of this p-type Si is around 700 μm 104 which is much larger than our laser heating spot 
size. Generally, the bulk and surface recombination mechanisms coexist. Nevertheless, we 
only consider the bulk recombination process here. The physics can be explained as below. 
First, consider the c-Si surface area of the MoS2/c-Si interface, MoS2 could be thought of as 
native n-doping due to its sulfur vacancies.105 So the MoS2/c-Si structure is just one p-n 
junction, and the depletion region of that has been found to considerably reduce the surface 
recombination rate.106 Then, for the remained c-Si surface, its native oxide layer could be the 
predominant passivating layer which can also significantly reduce the surface recombination 
rate.106 So we could neglect the effect of the carriers surface recombination for the diffusion 
process. In this case, the transmitted laser energy only heats the c-Si substrate by the fast 
thermalization process (
c-Si
   gE E E ) because the hot carriers with the rest photon energy 
(
c-Sig
E ) will diffuse such a long distance that will induce a uniform heating of the overall Si 
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substrate. As a result, the measured temperature rise of MoS2 (by Raman spectrum) is 
determined by the hot carrier diffusion and the MoS2/c-Si interface thermal resistance. Eqs. 
3.1 and 3.2 are solved to analyze the experimental results and determine the hot electron 
diffusivity and the interface thermal resistance/conductance. In our work, the temperature 
difference between MoS2 and Si is determined and used. This treatment has taken into full 
consideration of the temperature rise effect of the c-Si substrate. 
3.2.2 Experiment Details 
Raman experiments are conducted by using the Confocal Raman system that consists 
of a Raman spectrometer (VoyageTM, B&W Tek, Inc.) and a microscope (Olympus BX53). 
We use a CW laser of 532 nm as shown in Fig. 3.2 (b). The laser is introduced to the Raman 
system and its power is adjusted by a motorized neutral-density (ND) filter system (CONEX-
NSR1 and NSND-5, Newport Corporation). The laser beam is focused on a specific area of 
the samples (detailed in Fig. 3.1) and the laser power is varied to introduce different heating 
levels in the MoS2 samples. The optically generated heat is dissipated away across the MoS2/c-
Si interface to the substrate. During the experiments, both the Raman spectrometer and the 
motorized ND filter are controlled by LabVIEW-based software on a computer. The Raman 
spectrometer could collect and store the spectra for each energy level automatically after the 
ND filter is set. This significantly shortens the experiment time, reduces the external 
disturbance, and improves the precision and accuracy of the experiment. We use the Raman 
spectrometer to measure the temperature rise of MoS2 and c-Si. Based on the temperature rise 
and the absorbed laser power, we can directly determine the hot carrier diffusivity and 
interfacial thermal resistance. 
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Shown in Fig. 3.2 (c) and (d) are the laser energy distribution contour under 20 and 
100 objective of focused laser spot images from CCD camera. The beam size at the focal 
plane is measured where there is enough irradiance to have a decent signal to noise ratio 
without saturating the camera, and the beam lineout is fitted with a Gaussian function [the 
white curves in Fig. 3.2 (c) and (d)] for both x and y directions to take the average as final 
results. For the CCD camera, the pixel size under 20, 50, and 100 lens is 0.347, 0.123, 
0.069 m/pixel, respectively. Then the Gaussian beam spot size r0 (at e-1 peak value) under 
20, 50, and 100 lens is 1.14±0.01, 0.531±0.006, and 0.294±0.003 m, respectively. When 
the laser beam irradiates the sample surface, multiple reflections happen within the MoS2 film. 
According to the Transfer Matrix Method (TMM)107 and the complex refractive index of two 
materials,68 we could determine the transmitted power at the top surface (I01), the transmitted 
power in c-Si top surface (I02) and the reflected power at the bottom surface (I03) of MoS2. 
Here the complex refractive index of MoS2 is assumed to be constant because it has been found 
to have little change with sample’s thickness for our samples thickness range.15   
3.3 Results and Discussion 
3.3.1 Steady Thermal Response of MoS2 under Different Laser Heating Sizes 
In our experiments, for all the four samples, eight room-temperature Raman spectra are 
collected at the laser power (P) spanning from 2.49 to 11.9 mW (corresponding to the average 
power density 20/ rP  is from 0.942 to 4.50 MW/cm2) under 100× objective and from 6.83 to 
32.8 mW (0.167 to 8.03 MW/cm2) under 20× objective. Note this laser power is the level just 
before the laser enters the MoS2 sample. This heating power variation is designed to study the 
Raman spectrum change under optical heating, and this could significantly suppress the 
experiment noise of a single laser power experiment. To avoid damage to the sample and to 
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stay within the linear temperature-dependence range for Raman properties, we try to keep the 
excitation laser power as low as possible. Five representative room temperature Raman spectra 
under 100× objective lens and their corresponding Lorentzian fits collected from the 3.6 nm 
thick MoS2 sample are shown in Fig. 3.3 (a), where both 12gE  and 1gA  modes shift to left (red-
shift) linearly with increased laser power and the peak position shifts are visible as 
| (2.49 mW ~11.9 mW) . We use two objective lenses to generate different optical heating 
phenomena. Fig. 3.3 (c) and (d) show the Raman shift for the two vibration modes as a function 
of incident laser power under 20× and 100× objective lens, respectively. Similarly, as described 
in Section 2.3.1, we obtain the first-order laser power coefficient for two vibration modes of 
MoS2 and c-Si. For this 3.6 nm thick sample, the fitted P  for 12gE  and 1gA  modes are quite 
close, ‒(0.151±0.004) cm-1/mW and ‒(0.151±0.003) cm-1/mW under 100× objective, and ‒
(0.029±6.0×10-4) cm-1/mW and ‒(0.027±7.0×10-4) cm-1/mW under 20× objective, 
respectively. Note the laser power coefficients for two vibration modes under 100× objective 
are higher than those under 20× objective. This is because the temperature rise determined by 
Raman spectra under 100× increases more rapidly than that under 20× due to the larger power 
density under 100× objective. The fitted P  of c-Si for this 3.6 nm thick MoS2 sample are ‒
(0.008±3.0×10-3) cm-1/mW [Fig. 3.3 (e)] and ‒(0.151±4×10-3) cm-1/mW [Fig. 3.3 (f)] under 
20× and 100× objectives, respectively. 
The temperature calibration experiment is conducted for MoS2 and c-Si to determine 
the local temperature rise during the above experiment. Fig. 3.3 (b) shows five representative 
Raman spectra and their corresponding Lorentzian fits with the temperature ranging from 297 
to 398 K under 50× objective lens. The power of the incident laser power is maintained low 
enough to not increase much temperature rise at the irradiated spot (1.10 mW before entering 
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the sample). The Raman shift of both 12gE  and 1gA  modes decreases with increased 
temperature is visible as | (297 K ~ 398 K) . The temperature dependence of both 12gE  and 
1gA  modes of MoS2 and c-Si measured between 297 and 398 K is depicted in Fig. 3.3 (b). The 
Raman shift for both 12gE  and 1gA modes decreases with increased global temperature for all 
cases and exhibits linear temperature dependence in the range used in our experiment. 
 
Figure 3.3  The Lorentzian-fit Raman spectra and linear fitting of Raman shift against laser 
energy and temperature of 3.6 nm thick MoS2.  
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For the 3.6 nm thick MoS2 sample, as shown in Fig. 3.3 (g), the extracted the first-order 
temperature coefficient T  values are ‒(0.029±1×10-3) cm-1/K and ‒(0.028±1×10-3) cm-1/K 
for 12gE  and 1gA  modes, and ‒(0.026±1×10-3) cm-1/K for the c-Si substrate. The temperature 
coefficients of all four samples are summarized in Table 3.1. The temperature-dependent 
changes in the Raman spectra are due to the anharmonic terms in the lattice potential energy, 
mediated by phonon-phonon interactions.108 
We note that (for the 3.6 nm MoS2 sample) the T  value from 12gE  mode (‒0.029 cm-
1/K) is slightly (3%) larger than that from 1gA  mode (‒0.028 cm-1/K). The difference in T  
value between those two modes gets larger for the other three samples (e.g. T  value from 
1
2gE  mode is ~14% larger than that from 1gA  mode for 9.0 nm sample). It makes sense that the 
out-of-plane 1gA mode shows a weaker temperature response for all these four multilayer MoS2 
samples, where there are interlayer interactions restricting the vibrations away from the basal 
plane. And this restriction increases with increased layer number. The in-plane 12gE mode will 
be less affected by the interlayer interactions and weakly affected by the substrate,87 so we use 
the Raman results from this vibration mode as the property to evaluate the interface thermal 
resistance and the hot carrier diffusivity.  
In our experiment, the MoS2/c-Si samples are firmly placed on a 3D nano-stage and 
the same point of each sample (as marked in Fig. 3.1 with dashed blue box) is measured during 
the entire experiments. This treatment could eliminate any possible location-to-location 
structure variation and temperature coefficient variation. For each MoS2 sample, the average 
temperature rise per unit laser power ( 20T  and 100T ) could be experimentally obtained by 
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2
1
MoS  or c-Si    p TT (K/mW). And this value for four MoS2 samples is summarized in Table 
3.1. The use of  T  instead of direct temperature rise T (K) for the determination of D and 
R is to avoid artificial shifts of peak position resulting from calibration errors of two different 
objectives. Generally, a higher 2MoST  is induced for a thicker sample because a thicker sample 
sample comes with a higher absorbance level. This will result a higher temperature rise in 
MoS2 to transfer the heat across the interface down to the substrate. However, from the Table 
3, the temperature rise of the 9 nm MoS2 (6.42 K at 100×) is lower than that of 8.4 nm MoS2 
(9.96 K at 100×). This is caused by lower interface thermal resistance (R) of 9.0 nm MoS2 
sample: R for 9.0 nm and 8.4 nm MoS2 sample is 4.46×10-8 and 7.66×10-8 K·m2/W, 
respectively (from Table 3.1). So there will be more heat going into the substrate from MoS2 
film for 9.0 nm sample. For the 3.6 nm thick MoS2 sample, the highest temperature rise of 
MoS2 film and c-Si we have heated to is around 33 K and 10 K under 20× objective, 
respectively, and around 62 K and 5.6 K under 100× objective, respectively.  
The heat transfer across the MoS2/c-Si structure could be described by 
2MoS Si
( ) /  q A T T R (A is the heating area, ∆q is the net heat flow). So the temperature 
difference between MoS2 film and c-Si should be proportional to the inverse of the heating 
spot area. However, our results show it is significantly different from this prediction, indicating 
the hot carrier diffusion effect. Taking the 3.6 nm MoS2 as an example, under 20 objective, 
the measured temperature difference per mW laser heating is 0.71 K. Under 100 objective, 
the laser heating spot size is 6.6% of that under 20. As a result, we expect the temperature 
rise difference is around 10.7 K under 100 objective. But our measurement only gives a 
temperature rise difference of 4.74 K per mW under 100 objective. This strongly indicates 
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that the hot carriers diffuse out of the heating region, make the effective heating spot size bigger 
than the laser spot, and reduce the temperature difference.  
Table 3.1  Summary of Raman experiment results of four MoS2 samples. 
Sample thickness: 3.6 nm 5.4 nm 8.4 nm 9.0 nm 
߯Pሺଶ଴ൈሻ 
(cm-1/mW) 
MoS2 
E2g1  -(0.029±0.001) -(0.024±0.001) -(0.030±0.009) -(0.030±0.001) 
A1g -(0.027±0.001) -(0.025±0.001) -(0.025±0.002) -(0.032±0.001) 
c-Si  -(0.008±0.0003) -(0.007±0.0002) -(0.011±0.0004) -(0.010±0.0003) 
߯Pሺଵ଴଴ൈሻ 
(cm-1/mW) 
MoS2 
E2g1  -(0.151±0.004) -(0.142±0.006) -(0.163±0.007) -(0.154±0.004) 
A1g -(0.151±0.004) -(0.163±0.009) -(0.163±0.009) -(0.152±0.005) 
c-Si  -(0.012±0.0003) -(0.016±0.0005) -(0.026±0.001) -(0.013±0.001) 
்߯ሺହ଴ൈሻ 
(cm-1/K) 
E2g1  -(0.029±0.001) -(0.020±0.001) -(0.016±0.001) -(0.024±0.001) 
A1g -(0.028±0.001) -(0.018±0.001) -(0.014±0.001) -(0.021±0.001) 
∆ܶMoS2 
(K/mW) 
20× -(1.00±0.05) -(1.16±0.08) -(1.85±0.10) -(1.26±0.06) 
100× -(5.21±0.26) -(6.86±0.49) -(9.96±0.62) -(6.42±0.27) 
∆ܶ= 
∆ܶMoS2 െ ∆ܶc‐Si 
(K/mW) 
20× -(0.71±0.05) -(0.89±0.06) -(1.41±0.07) -(0.89±0.04) 
100× -(4.74±0.24) -(6.27±0.45) -(8.94±0.55) -(5.92±0.25) 
 
3.3.2 Determination of Hot Carrier Diffusivity 
Then we conduct a 3D numerical modeling based on the finite volume method to 
calculate the temperature rise to determine the hot carrier diffusivity (D) and the interface 
thermal resistance (R). As shown in Figure 3.4, the model calculation size of the substrate has 
a radius and thickness of 50 μm. The MoS2 sample is with the actual size and thickness as 
those in the experiment. The smallest mesh size along the thickness direction is 0.1 nm and 
increases from the MoS2 surface to the substrate with an increasing ratio of 1.02. The smallest 
mesh size is 1 nm in the radial direction and also increases with a ratio of 1.02. In our modeling, 
in the in-plane and cross-plane directions, we take  52k  W/mK (ref. 65) and 2 k  W/mK, 
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(ref. 72) kc-Si=148 W/mK. (ref. 109) P=1 mW is the excitation laser energy before entering the 
sample.  
 
Figure 3.4  3D numerical modeling setup.  
 
The thickness dependent bandgap of MoS2 thin film has been investigated,15 and we fit 
the Eg values for different thickness samples by an exponential function as 
g (eV) 0.5836 exp( thickness / 3.525) 1.29    E  as shown in inset of Fig. 3.6 (c). Then we 
extract Eg values for our samples as 1.48 eV for 3.6 nm, 1.41 eV for 5.4 nm, 1.34 eV for both 
8.4 nm, and 1.33 eV for 9.0 nm thick sample. This treatment could help us determine R and D 
values with better confidence instead of using a constant Eg value. τ is set as 1 ns at room 
temperature.99 For MoS2, it has been documented that the photo-excited electrons have a life 
time of hundreds of picoseconds in few-layer samples and nanoseconds or longer in the thick 
crystal.99,110 Besides, for phonon contribution to the thermal transport, the material thermal 
conductivity could be reduced if the heating size is smaller than the long mean free path 
phonons.111,112 In this work, for MoS2, the phonon mean free path is less than 20 nm62,113 which 
is much smaller than the laser spot size (radius: 0.294 to 1.15 μm). So the ballistic effect on 
thermal conductivity is not influential. In this 3D modeling, we only consider the diffusive 
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phonon transport. We first solve the carrier diffusion equation (Eq. 3.1) and then the heat 
conduction one with the hot carrier concentration ( )N ,tr  used in the source term.  
Here we take the 3.6 nm thick MoS2 sample for example to discuss the modeling 
results. In our modeling, we scan the combined space of diffusivity D and interface thermal 
resistance R to calculate the temperature difference between MoS2 and c-Si under 20 and 
100 objective laser heating. The (D, R) pair giving the temperature difference both agreeing 
with the 20 and 100 experimental results is taken as the real properties of the sample. Note 
in our Raman experiment, as expressed in Eq. 2.2, the measured temperature rise of both MoS2 
and c-Si are Raman-intensity weighted average temperature of the sample. At a location of the 
sample, the local Raman intensity is proportional to the local laser intensity and the scattered 
Raman signal multi-reflected in the sample. All these have been considered in our modeling to 
evaluate the temperature rise of both MoS2 and c-Si substrate. 
In Fig. 3.5 (a) and (b), we present the calculated averaged temperature difference under 
two different objective lenses: 20T  and 100T  in the (D, R) space for the 3.6 nm thick MoS2 
nanosheet. In both cases, the lower electron diffusivity or higher interface thermal resistance 
implies a higher temperature rise. When D is lower, the heating area will be limited to the laser 
heating region, resulting in a higher local temperature rise and difference. When R is higher, 
less heat will dissipate from MoS2 to c-Si substrate under the same temperature drop. This will 
require a higher local temperature rise to dissipate the heat to the substrate. Additionally, in 
Fig. 3.5 (a) (under 20× objective), it is evident that the temperature difference is less sensitive 
to the D change, especially for the lower values of R. However, when the laser spot size reduces 
(under 100× lens), the sensitivity of 100T  on D changes increases. The physics can be 
explained as below. The hot carrier diffusion length is 0.344 μm DL D (based on our 
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measured D for this sample, and detailed later). This is around 1.5 times the laser spot size 
under 100× lens (r0=0.294 m). So the hot carriers could diffuse out of the laser spot size more 
easily and their effect becomes more prominent. 
 
Figure 3.5  3D numerical modeling results for 3.6 nm thick sample to illustrate the results.  
 
In Fig. 3.5 (a) and (b), for each heating spot size, the experimentally obtained 
temperature difference (the isolines) could be satisfied by many different (D, R) pairs. So we 
could not determine final results based on a single case. To determine D and R, we combine 
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the results from both cases as shown in Fig. 3.5 (c). For the sample of 3.6 nm thick MoS2, by 
the cross point of the red ( 100T ) and blue ( 20T ) dashed curves, we could determine that D 
is 1.18 cm2/s and R is 6.15×10-8 Km2/W. To better present the uncertainty of D and R, we 
calculate the normalized probability distribution function () as 2 2exp ( ) / (2 )     x x , 
where x, x , and  are the variable, its average, and the standard deviation. In the (D, R) space, 
we have 
100 20( , )      D R T T . We use the value of ( , ) 0.6065 D R  corresponding to the σ 
confidence in the (D, R) space to show the final results uncertainty. Finally, the deduced R is 
0.25
0.256.15

 ×10-8 K·m2/W and D is 
0.30
0.231.18

  cm2/s. The uncertainty of these two values is 
determined by (D,R) distribution as shown in Fig. 3.5 (c). For example, to determine the 
uncertainty of D, let 8( ,9.26 10 ) 0.6065 D  in the (D,R) distribution and fix the R value, we 
could get Dmin=0.950 cm2/s and Dmax=1.48 cm2/s. Final results and the uncertainty for the other 
three samples are summarized in Table 3.2 and also plotted in Fig. 13.  
Table 3.2  The summary of the calculated hot electron diffusivity (D) and the interface thermal 
resistance (R) from the 3D numerical modeling and data fitting, and the corresponding electron 
mobility (μ) and electron diffusion length (LD). 
Sample Thickness R (10-8 K·m2/W) D (cm2/s) μ (cm2/V·s) LD (μm) 
3.6 nm 0.25
0.256.15

  
0.30
0.231.18

  
11.9
9.3847.4

  
0.041
0.0360.344

  
5.4 nm 0.38
0.386.27

  
0.37
0.261.07

  
14.7
10.542.7

  
0.052
0.0430.327

  
8.4 nm 0.37
0.367.66

  
0.34
0.271.20

  
13.5
10.847.9

  
0.046
0.0420.346

  
9.0 nm 0.17
0.174.42

  
0.30
0.231.62

  
12.2
9.3664.8

  
0.036
0.0300.402

  
 
Figure 3.5(d) shows the calculated temperature rise distribution in the 3.6 nm MoS2 
sample on c-Si substrate under laser heating with 20× and 100× objective lenses by the 
determined D and R. For both cases, the temperature rise is uniform in the thickness direction 
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in MoS2 because the sample is very thin. Also the heat conduction/transfer along the thickness 
direction in MoS2 is much larger than that in the in-plane direction. Besides, the temperature 
rise of c-Si is very small because of its high thermal conductivity. For the 3.6 nm thick MoS2 
sample, from the Raman experiment ( 1   p TT ), the temperature rise is much smaller than 
that of MoS2 as we discussed in the temperature calibration experiment section. So it can easily 
conduct the heat away from the heating region. Compared to the laser energy distribution, the 
temperature distribution is out of the laser spot a lot, especially for the case under the 100× 
objective. As discussed above, the diffusion length DL  is only 1/3 of the laser spot size under 
the 20× and around 1.5 times of that under the 100× objective. This makes the hot carrier 
diffusion have a significant contribution to our observations under the 100× objective.  
 
Figure 3.6  Interface thermal resistance, hot electron diffusivity, corresponding electron 
mobility, and the electron diffusion length of four MoS2 samples as a function of thickness.  
 
As discussed above, during the diffusion process, electrons (e) and holes (h) move as 
pairs due to the Coulomb attraction between them. Therefore, the measured D is the ambipolar 
diffusivity, 2 / ( ) e h e hD D D D D , where ( )e hD  is the unipolar diffusivity of electrons 
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(holes).114 In our optical study, equal numbers of electrons and holes are generated. Besides, 
the effective masses of electrons and holes of MoS2 are comparable and even similar.115 
Therefore, the diffusivity for both eD  and hD  are expected to be the same. As a result, the 
measured value D can be approximately treated as unipolar carrier diffusivity of both electrons 
and holes. In this thermalized system, the diffusivity is related to the mobility (μ) by the 
Einstein relation, / / ,BD k T q  where kB, T, and q are the Boltzmann constant, temperature, 
and the amount of charge of each carrier. For the 3.6 nm thick MoS2 nanosheets sample, the 
measured D corresponds to a mobility of    47.4 cm2/Vs. Here, we assume that the carriers 
have a thermal distribution of 300 K during the diffusion process because the energy relaxation 
time is only several picoseconds.99 Our measured  is very close to the literature value of 30-
60 cm2/Vs for multilayer MoS2 on SiO2,53 ~70 cm2/Vs for multilayer MoS2 on Al2O3.116 
The interface thermal resistance we obtain here is in the order of 6×10-8 Km2/W as 
summarized in Table 3.2. They are lower than what we found in previous work, such as the 
7.8 nm MoS2 on c-Si with R is 1.66×10-7 Km2/W.68 We attribute this mainly to the fact that the 
samples we prepare here have better interface contact due to our experience development in 
sample preparation. Tang et al. found that the loose (imperfect) contact at the interface could 
dramatically reduce the interface thermal energy coupling.32 
3.3.3 Discussion 
As reported before, one approach that could simultaneously extract the thermal 
conductivity and interface thermal resistance of supported 2D layered material has been 
developed by exploiting the property of the laser beam.117 However, that method cannot 
explain the results we observed in this work because they did not consider the hot carrier 
diffusion phenomena. To have non-contact detection, the pump-probe technique has also been 
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applied to study charge carriers in MoS2 103 and graphene nanosheets.51 The biggest difference 
between the optical and electric measurement of carrier mobility is that we do not need to cover 
the sample (MoS2 nanosheets) with a dielectric layer such as HfO2.12 The dielectric layer is 
believed to affect the mobility because of the suppression of Coulomb scattering by the 
dielectric.118,119 Nevertheless, our optically measured mobility is still comparable to those with 
a dielectric top layer. As described above, during the diffusion process, the electron-hole pair 
moves as a unit so that the pair is electrically neutral. In this case, the pair will not be influenced 
by the Coulomb scattering.103  
In our data processing by solving Eqs. 3.1 and 3.2,  takes 1 ns. The finally determined 
D is dependent on the . To further elucidate this effect, we use a normalized carrier 
concentration ξ=∆N/τ to re-express those equations as (neglecting the thermal activation term): 
 2 0,      D   (3.3) 
 2 ( ) 0.        g gk T h E E   (3.4) 
From the above equation, it is clear the term D can be determined without the input of 
other hot carrier properties. The carrier diffusivity D is determined based on the carrier lifetime 
τ. However, the interface thermal resistance R has no dependence on the carrier lifetime 
knowledge. The lifetime diffusion length of the hot carriers is calculated from D and τ as 
DL D . As summarized in Table 3.2, for the four samples (3.6 nm, 5.4 nm, 8.4 nm, and 
9.0 nm thickness), their LD are determined as 0.344 m, 0.327 m, 0.346 m, and 0.402 m, 
respectively. It is conclusive that the technology developed in this work can firmly determine 
the lifetime diffusion length of the hot carriers. Their diffusivity is dependent on the lifetime 
data, which needs to be obtained from a separate experiment. A recently published work found 
that the photo-carriers in the C-exciton state are hot carriers with free-carrier properties which 
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could also transport energy.120 Under our 532 nm (2.33 eV) laser excitation, the high energy 
C-exciton (transition optical bandgap of C-excitonic transition for few-layered MoS2 is 2.70 
eV 121) could also be generated by the up-conversion process but with relatively lower 
possibility than using a 400 nm (3.10 eV) laser. This effect of C-excitons is actually already 
included in our experiment model because C-excitons will also contribute to the local 
temperature rise and energy transfer that is probed by Raman spectroscopy to identify effect 
of the hot carrier diffusion in our work.  
As shown in Table 3.2 and Fig. 3.6, the R and D are with a relatively high uncertainty, 
especially for D. This is mainly caused by the uncertainty from the linearly fitting of  p  and 
T . Additionally, the little thickness-dependent hot carrier diffusivity we find here may be 
attributed to the stronger effect of Coulomb scattering or weaker in-plane electron-phonon 
interaction for thicker samples.122 As for the sample, we do not reduce the thickness of MoS2 
nanosheets to single layer due to sample preparation difficulty. Under optical microscope, the 
single-layered MoS2 has very weak visibility on c-Si substrate compared to that on SiO2 
substrate. This makes it extremely difficult to identify them for Raman study. Besides, for 
single-layered MoS2, its larger bandgap (~1.8 eV) could potentially reduce electron mobility123 
and it is very sensitive to air exposure which is so far believed to make it have a lower 
mobility.124 Both experiment and analytic modeling have shown that multilayered MoS2 
devices could have a higher mobility and density of states under the same dielectric 
environment. Also, they have a higher current limit and better manufacturability compared 
with single layer devices.125  
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CHAPTER 4.  ET-RAMAN TECHNIQUE FOR PROBING INTERFACE THERMAL 
TRANSPORT AND HOT CARRIER DIFFUSION OF MOS2 
In widely applied Raman characterization of 2D atomic layer material interface thermal 
resistance (R), laser absorption in the 2D atomic layer and its temperature rise are needed. 
These factors cause the largest experimental uncertainty due to unknown optical properties 
variation from sample to sample; interface spacing-induced optical interference, off-normal 
direction laser incidence, and very large thermal-Raman calibration uncertainties. In this 
chapter, we report a novel energy transport state resolved Raman (ET-Raman) to address these 
critical issues. In ET-Raman, under steady laser heating, by constructing two steady heat 
conduction states with different laser spot sizes, we differentiate the effect of R and hot carrier 
diffusivity (D). By constructing an extreme state of zero/negligible heat conduction using a 
picosecond laser, we differentiate the effect of R and material’s specific heat. Combining the 
steady state Raman and pico-second Raman, we precisely determine R and D without need of 
laser absorption and temperature rise of the 2D atomic layer. Seven mechanically exfoliated 
MoS2 samples (6.6 nm to 17.4 nm) on c-Si are characterized using ET-Raman. Their hot carrier 
diffusivity is measured in the order of 1.0 cm2/s, and having an increasing trend against the 
MoS2 thickness. R is determined as 1.22~1.87×10-7 K·m2/W, decreasing with the MoS2 
thickness. This chapter begins with brief characterization of samples in Section 4.1. Then, in 
Section 4.2, we will focus on the physical model of ET-Raman. The measurement results of 
both R and D are reported in Section 4.3, followed by structure and physics analysis discussion. 
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4.1 Sample Preparation and Characterization 
4.1.1 FL MoS2 Nanosheets Preparation and AFM Measurement Results 
We prepare seven few-layered MoS2 samples by micromechanical cleavage technique. 
The lateral size of layered MoS2 nanosheets has an equivalent radius ranging from 2.5 to 6.2 
µm. This limited sample size is also considered in our numerical modeling for data processing. 
 
Figure 4.1  AFM measurement results of seven MoS2 samples supported on c-Si.  
 
Figure 4.1 (a)-(g) show AFM images of seven MoS2 samples supported on c-Si 
substrate. In each image, the sample area is marked by the dashed white circle. The height 
profiles shown below the images correspond to the red dashed lines in the AFM images. The 
samples have a thickness of around 6.6 nm, 7.8 nm, 9.6 nm, 12.0 nm, 13.2 nm, 15.6 nm and 
17.4 nm, respectively. The blue dashed square in each sample AFM image shows the area 
where the laser is focused during different Raman experiments. We also evaluate the sample 
surface roughness. For example, the 6.6 nm thick sample has a root-mean-square (RMS) 
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roughness (Rq) of 1.02 nm. Rq increases a little bit with increased thickness except for 13.2 nm 
and 17.4 nm thick sample. These two samples may have fewer wrinkles or ripples. In addition, 
the substrate (c-Si) has a Rq of 0.09 nm which confirms its atomically smooth surface. Fig. 
4.1(h) displays the thickness dependence of Raman shift and Raman shift difference 
1
Diff 1g 2g[ (A ) (E )]    of two Raman modes of MoS2 nanosheets which was widely used to 
study the thickness of FL MoS2 as discussed in Section 2.3.1.86 Our results agree well with 
results and predictions of Lee et al.’s work.86 
4.1.2 MoS2 Nanosheets Raman Shift Mapping Results 
We also perform scanning Raman of 6.6 nm and 13.2 nm thick MoS2 samples to have 
a better idea of the uniformity of surface structure. Here we take the 6.6 nm thick MoS2 sample 
for example to discuss the scanning results. Fig. 4.2 (a) shows its AFM image. The blue dashed 
square marks the area in which the scanning Raman is performed. The square has a width of 
20 μm. Full Raman spectra are recorded for each point with a step size of 500 nm. The spectra 
are analyzed by an MATLAB-based automatic fitting program, which determines the Raman 
shift, intensity, and linewidth for two vibration modes of MoS2 and LO phonon mode of c-Si.  
We further process the extracted data to create false color images as depicted in Fig. 
4.2 (a-1) and (a-2). Here we set Raman shift information of the bare c-Si substrate as white to 
increase the contrast between sample and substrate. In these figures, we plot the Raman shift 
of 12E g  and 1gA  modes as a function of position. Fig. 4.2 (a-3) shows the Raman shift 
difference of these two modes. Fig. 4.2 (a-4) shows the Raman shift difference from a smaller 
area as marked with green dashed square in Fig. 4.2 (a). This area is also included in the area 
where we performed the Raman experiments for D and R determination. The scanning step 
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size for this area is 100 nm. The relatively uniform Raman shift difference mapping shows the 
sample thickness is uniform and there is no large interface spacing variance. 
 
Figure 4.2  False color images of Raman shift map of 6.6 nm and 13.2 nm thick MoS2 samples. 
 
4.2 Physical Model and Experimental Details of ET-Raman Technique 
4.2.1 Physical Principles of ET-Raman Technique 
As described in Chapter 3, besides two laser-heating states by CW laser, we will use a 
picosecond laser in the ET-Raman technique. We construct three distinct energy transport 
states in both space and time domains, and probe the materials’ thermal response. Fig. 4.3 (a) 
shows the physical principles of this technique. A 532 nm laser irradiates the MoS2 sample for 
both laser heating and Raman probe. Because the excitation energy E is greater than the 
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bandgap of MoS2, the absorbed photons will excite the electrons (e) to the conduction band 
with holes (h) left in the valence band. This results in the formation of hot electrons and holes 
(hot carriers). Then the hot carriers will lose part of the photon energy ΔE=(E-Eg) via a rapid 
non-radiative process on a time scale of 0.1 ps.110 The hot electrons will store the rest part of 
photon energy (Eg) and diffuse out of the excitation spot before recombining with holes. This 
diffusion will result in a significantly wider thermal source spatial redistribution in the sample. 
It typically takes nanoseconds for this diffusion process so we have to consider the diffusion 
effect.99 At last, the excited hot electrons would release the laser energy via non-radiative 
recombination with holes by exciting phonons. The energy of these phonons in MoS2 
nanosheets dissipates within the sample and through the interface down to the substrate to raise 
the local temperature. The phonons eventually reach thermal equilibrium with the electrons.  
The first energy transport state in our technique is the steady state heating, and it has 
two sub-states with different laser heating sizes. As shown in Fig. 4.3 (c) and (d), we use a CW 
laser source to generate steady-state heating to study the temperature profile that depends on 
(R, D) effect. Moreover, by using different objectives (20× and 100×) to have the size variation, 
we could differentiate the effect of D and R. In Fig. 4.3 (c), the laser heating spot under a 20× 
(NA=0.4) objective has a diameter around 2.30 μm (1/e peak value). Since the MoS2 
nanosheets will absorb the laser energy, they will conduct the absorbed energy directly to 
substrate via R and to the in-plane direction then to the substrate via the interface (effects of 
both R and D). At the same time of laser heating, the same laser beam also excites Raman 
signal by which we could collect to get the temperature profile of the sample. By using different 
laser powers (P), we can obtain one parameter, called Raman shift power coefficient (RSC): 
χCW1=əω/əP. As expected, χCW1 is determined by R, D, laser absorption coefficient, and 
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temperature coefficient of Raman shift. Then, as shown in Fig. 4.3 (d), we reduce the laser 
heating dimension to a much smaller level by a 100× (NA=0.8) objective (0.588 μm), and we 
also obtain RSC from this experiment as χCW2. At this steady state, the D of the 2D material 
will have more influence on the measured temperature than that under 20× objective. 
Therefore, these two steady states construction could differentiate the effect of D and R in the 
measured RSC by Raman spectroscopy. Note although we mention temperature here as they 
are reflected in RSC, we do not need to determine the absolute temperature rise in the whole 
technique. 
 
Figure 4.3  Physical model of hot carrier generation, diffusion, and recombination in MoS2 
under laser illumination (not to scale).  
 
The second energy transport state is completely opposite to the steady-state: it has zero-
transport. In this experiment, we apply a ps laser (repetition rate is 48.2 MHz, the pulse duration 
is 13 ps) under 50× (NA=0.5) objective with r0 as 0.531 μm (1/e peak value) with the same 
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wavelength as the CW laser to focus on the sample to do localized heating and Raman 
experiment. Using the same wavelength for the two laser sources ensures that the samples have 
the same laser absorption level in two heating states. In the same way, we obtain the RSC for 
this ps laser heating case: χps=əω/əP. The collected Raman signal reflects the Raman signal-
weighted temperature rise during ps laser heating. Within this very short heating time (13 ps), 
the thermal diffusion length (Lt) for MoS2 and c-Si is only around 38 nm and 68 nm, 
respectively. ( t k2  cL t , αk=2.75×10-5 m2/s for MoS2 and 8.92×10-5 m2/s for Si, is the in-
plane thermal diffusivity; t0=13 ps, is the ps laser pulse width). They are much smaller than the 
laser spot size (r0=0.53 μm). Therefore, we could neglect the heat conduction from the heating 
region. Besides, the thermal relaxation time of the MoS2 nanosheets for our interface structure 
(R is in the order of 10-7 K·m2/W) is estimated to be around 1.9 ns (=δz·ρcpR. δz takes 10 nm, 
is the thickness of MoS2 nanosheets; cp=1.89 MJ/m3K, is the volumetric heat capacity, R takes 
10-7 K·m2/W, is the interface thermal resistance.) which is much longer than the heating time 
(13 ps) and much shorter than the laser cooling time (20.8 ns). Therefore, during ps laser 
heating, the energy absorbed in MoS2 is used to heat up the sample, but is not transferred out 
of the heating region to other MoS2 region or the substrate. Also the sample will be fully cooled 
to the ambient temperature during the pulse interval. This ensures the RSC measured during 
ps laser heating has no DC accumulation effect from previous pulses. In summary, the RSC 
(χps) is mainly coming from the volumetric heat capacity of the sample (ρcp). D and R have an 
extremely limited contribution to the temperature rise so that we could use this heating state to 
distinguish the roles of ρcp and (R, D).  
While evaluating the above different states, we do not consider the heat loss to the 
environment during the Raman measurement in atmospheric condition. This is because, as has 
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been studied for the supported 2D material, the heat loss through radiation or natural 
convection is negligible compared to the interfacial heat flux.41 In our steady-state experiment, 
also as described in Eq. 2.2, the measured RSC is proportional to the temperature rise of the 
two materials, which is a Raman/laser intensity weighted average over the laser spot size as 
 0 0CW 0 0( ) ( ) / ( )  V Va aT I T dv I dvr r r .  (4.1) 
For the zero-transport state, the measured temperature rise includes both time and space 
averaged over the pulse width and heating domain as 
 0 0 0 0ps 0 0 0 0( , ) ( , ) / ( , )    t V t Va aT I t T t dv I t dvr r r .  (4.2) 
All of these will be also considered in the following 3D numerical simulation for data 
processing. 
After these three energy transport states experiments, we will define the dimensionless 
normalized RSC as: 1= χCW1/χps and 2= χCW2/χps. Although χCW1, χCW2, and χps are all 
influenced by the Raman temperature coefficient and the laser absorption in the sample, this 
normalized RSC completely rules out the effect of laser absorption and Raman temperature 
coefficients. 1 and 2 are only a function of the 2D and substrate materials’ ρcp, R, and D. 
Using a 3D heat conduction model to include all these properties, we could finally determine 
D and R of the 2D material. The whole measurement does not involve absorbed laser heating 
power determination and absolute temperature rise determination. This eliminates the large 
uncertainties brought in by these two key factors in the past measurements. 
4.2.2 Governing Equations for Data Processing 
As given in Chapter 3, for the steady-state heating, the generation and diffusion of heat 
and electrical carriers in the sample are governed by two partial differential equations in steady 
67 
 
state as Eqs. 3.1 and 3.2.  The hot electrons will diffuse in the sample until they recombine 
with holes to release the energy through the non-radiative recombination transition. Therefore, 
we could observe different heating phenomena in MoS2 by changing the laser heating spot 
size.  
When we use the ps laser to generate the zero-transport heating state, the laser pulse is 
so short that only the fast thermalization process happens and we could neglect the heat 
conduction in the lattice here as discussed above. By only considering the laser absorption in 
MoS2 sample and its substrate, we have 
 psp ( ),  
gT hv Ec I
t hv
  (4.3) 
where I (W/cm2) is the laser intensity, t is the time. ps (r, )T t  is the temperature rise from the 
zero-transport state. After considering both space and time domain Gaussian distributions, and 
the Beer-Lambert law, the laser intensity (heat flux) is given by: 
 
2 2
0
2 2
0 0
( , , ) exp exp ln(2) exp , 
                 L L
I r t zI r z t
r t
  (4.4) 
where I0 (W/cm2) is the peak laser intensity, r0 (0.53 μm) is the laser spot radius of ps laser, t0 
(6.5 ps) is the half pulse width. L L4   k  is the laser absorption depth. From Chapter 2.2.3, 
we have τL(MoS2)=38.5 nm, and τL(c-Si)=820 nm. Because the thickness of MoS2 nanosheets 
(6.6 nm to 17.4 nm) is smaller than its laser absorption depth, both MoS2 and c-Si will absorb 
the laser energy and be heated. 
As a result, the measured temperature rise of MoS2 is actually determined by the hot 
carrier diffusivity and the interface thermal resistance under steady-state heating and only by 
laser absorption rate and cp under zero-transport state heating. By solving Eqs. 3.1, 3.2, 4.1, 
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and 4.2, we could rule out the laser absorption term and deduce the ratio of the temperature 
rise ( CW psT T ) of two materials from two heating states. The ratio is just the normalized RSC. 
Then we solve Eqs. 3.1 and 3.2 to analyze the experimental results and determine the R and D 
value. In our work, the temperature difference between MoS2 and c-Si is determined and used. 
This treatment has taken into full consideration of the temperature rise effect of the c-Si 
substrate. 
4.2.3 ET-Raman Experiment Details 
Figure 4.4 shows the schematic of the Raman experiment setup. We perform the Raman 
experiments by using the same confocal Raman system as shown in Fig. 3.2 (b). The 532 nm 
CW laser or ps laser is introduced to the Raman system and the laser power is adjusted by a 
motorized ND filter system. The laser source could be switched by the flip mounted mirror 
before it enters the Raman system without changes in the experiment setup. Except for 
searching for and identifying the MoS2 sample under the microscope, the 3D piezo-actuated 
nano-stage is also used in the following Raman shift scanning experiment and it provides us 
accurate step size. The laser beam is focused on a specific area of the samples (as shown in 
Fig.4.1). 
During the experiments, we use LabVIEW-based software to fully control the Raman 
spectrometer, the motorized ND filter, and 3D nano-stage. The Raman spectrometer could 
automatically acquire and store the spectrum for each energy level after the ND filter is set or 
each position after the 3D nano-stage is set during the scanning Raman experiment. By 
analyzing the Raman spectrum, we could evaluate the RSC of MoS2 and c-Si. Based on the 
RSC under different heating states, we can directly determine the hot carrier diffusivity and 
interfacial thermal resistance. Fig. 4.4 (b) is the structure of our MoS2 supported on the c-Si 
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substrate. Fig. 4.4 (c) shows the atomic structure of the typical layered MoS2. The Mo atom is 
in the middle for each layer and the layer distance is around 0.65 nm.  
 
Figure 4.4  Schematic of the experimental setup for the ET-Raman experiment of MoS2/c-Si 
sample.  
 
4.3 Results and Discussion 
4.3.1 Thermal Response of MoS2 under ps and CW Laser Heating 
In the Raman experiments, for all the seven samples, eight room-temperature Raman 
spectra are automatically collected at different laser power by the controlled computer to find 
the laser power coefficient. The CW laser energy is from 1.59 mW to 6.34 mW (0.586 to 2.33 
MW/cm2) under the 100× objective and from 6.03 to 29.2 mW (0.145 to 0.703 MW/cm2) under 
the 20× objective. The ps laser energy is from 1.84 to 6.93 mW (pulse power density is from 
0.08 to 0.31 GW/cm2) under the 50× objective. Note that this laser power is the level just before 
the laser enters the MoS2 sample surface. Moreover, the power is maintained as low as possible 
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especially for the ps laser to avoid photon absorption saturation 126,127 and stay within the linear 
temperature dependence range for Raman properties. For the 532 nm picoseconds pulse laser 
heating, the saturation intensity is around 1.13 GW/cm2.127 When the photon density exceeds 
that level, the conductance band will be filled and the material will be unable to absorb further 
photons according to the Pauli-exclusion principles.128  
Here we also take the 6.6 nm thick sample for example to illustrate the results. Five 
representative room temperature Raman spectra and their corresponding Lorentzian fits of 
MoS2 and Gaussian fits of c-Si under 100× objective by CW laser are shown in Fig. 4.5 (a) 
and under 50× objective by ps laser are shown in Fig. 4.5 (b). Also in Fig. 4.5 (a), the inset 
shows the false color map for the spatial energy distribution of the laser energy beam under 
100× objective. The mapping data is from the image captured by a CCD camera. The 
corresponding laser spot size (at e-1) on the sample is determined as 0.294 μm. In Fig. 4.5 (a), 
both two modes of MoS2 and LO phonon mode c-Si shift to left (red shift) linearly with 
increased laser power, and the peak position shifts are visible as | (1.59 mW ~ 6.34 mW)  
by CW laser and | (1.84 mW ~ 4.68 mW) by ps laser for MoS2. The temperature rise of c-
Si is not very visible due to its larger thermal conductivity, so the Raman shift changes little. 
The Raman shift changes indicate that the local temperature of the sample becomes higher 
under a higher laser power. 
Two objective lenses with CW laser are used to generate different optical heating 
phenomena. In this work, we choose the Raman results from this 12E g  vibration mode to deduce 
deduce RSC because the in-plane 12E g  mode will be less affected by the interlayer interactions 
and weakly affected by the substrate.87 Besides, the 12E g  mode exhibits slightly polar 
dependence on the laser polarization configuration. So the effects of switching laser sources 
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on Raman results will be eliminated. By CW laser, as shown in Fig. 4.5(c) and (d), the linear 
fitting results RSC of MoS2 12E g  mode under 20× objective is ‒(0.026±0.001) cm-1/mW, and 
under 100× objective is ‒(0.150±0.007) cm-1/mW.  
 
Figure 4.5  The Raman spectra and RSC results of 6.6 nm thick MoS2 and c-Si.  
 
The RSC value of c-Si, as shown in Fig. 4.5(f) and (g), under 20× objective is ‒
(0.008±0.001) cm-1/mW, and under 100× objective is ‒(0.029±0.002) cm-1/mW. The linear 
dependence on the laser power for two different heating sizes indicates that there are no 
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significant changes in the thermal properties of materials in our considered laser power 
range. 
By ps laser under 50× objective, as shown in Fig. 4.5(e) and (f), the RSC values of 
MoS2 12E g  mode and c-Si are ‒(0.181±0.006) cm-1/mW and ‒(0.057±0.001) cm-1/mW, 
respectively. Also, RSC values for other six samples are summarized in Table 4.1. The RSC 
values roughly increase with increased MoS2 thickness for both CW and ps laser heating. The 
main reason is that the thicker sample will absorb more energy when the thickness is smaller 
than its laser absorption depth, so a higher temperature rise will be expected. Under same laser 
power level (1 mW before it enters the sample), the Raman wavenumber change will increase.  
4.3.2 Determination of D and R 
Then a 3D numerical modeling based on the finite volume method is conducted to 
calculate the temperature rise to determine the hot carrier diffusivity (D) and the interface 
thermal resistance (R). The model is given in Section 3.3.2 and shown in Fig. 3.4. As 
considered in our previous work in Chapter 3, the MoS2 nanosheets have the thickness 
dependent bandgap.15 The change in the band structure with layer number is due to quantum 
confinement and the resulting change in hybridization between pz orbitals and S atoms and d 
orbitals on Mo atom.5 This consideration, instead of using a constant Eg value, could help us 
determine R and D values with greater confidence. τ is set as 1 ns at room temperature.99 After 
the model setup, we first solve the carrier diffusion equation (Eq. 3.1) and then the heat 
conduction one with the hot carrier concentration ( )N ,tr  used in the source term.  
As shown in Fig. 3.2(e), based on the optical properties of these two materials TMM 
(Section 3.2.2), we could determine the transmitted power at the top surface (I01), the reflected 
power at the bottom surface (I02) of MoS2 and the transmitted power in c-Si top surface (I03). 
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As mentioned in the introduction section, our method could eliminate the errors from the local 
laser absorption evaluation and temperature coefficient calibration. Further data processing is 
given below with detailed explanations. 
 
Table 4.1  Summary of Raman experiment results 12gE  mode of MoS2 and c-Si. 
Sample 
thickness (nm) 
CW1
-1
 
(cm /mW)

 CW2
-1
 
(cm /mW)

 ps
-1
 
(cm /mW)

 1  2  
6.6 nm 
MoS2 -(0.026±0.001) -(0.150±0.007) -(0.181±0.006) 0.145±0.008 0.829±0.046 
c-Si -(0.008±0.0003) -(0.029±0.002) -(0.057±0.002) 0.136±0.007 0.513±0.035 
7.8 nm 
MoS2 -(0.034±0.002) -(0.171±0.009) -(0.203±0.009) 0.169±0.010 0.841±0.059 
c-Si -(0.008±0.0004) -(0.027±0.002) -(0.051±0.002) 0.151±0.010 0.531±0.038 
9.6 nm 
MoS2 -(0.030±0.001) -(0.158±0.006) -(0.193±0.006) 0.157±0.007 0.818±0.043 
c-Si -(0.009±0.0001) -(0.027±0.001) -(0.050±0.001) 0.166±0.004 0.523±0.026 
12.0 nm 
MoS2 -(0.040±0.002) -(0.187±0.007) -(0.197±0.008) 0.204±0.011 0.947±0.051 
c-Si -(0.009±0.0003) -(0.029±0.0006) -(0.056±0.003) 0.157±0.010 0.517±0.029 
13.2 nm 
MoS2 -(0.033±0.001) -(0.175±0.008) -(0.187±0.006) 0.175±0.009 0.935±0.054 
c-Si -(0.008±0.0004) -(0.025±0.001) -(0.059±0.003) 0.141±0.010 0.430±0.029 
15.6 nm 
MoS2 -(0.040±0.001) -(0.189±0.008) -(0.201±0.006) 0.197±0.008 0.940±0.046 
c-Si -(0.008±0.0005) -(0.026±0.001) -(0.050±0.003) 0.164±0.014 0.514±0.032 
17.4 nm 
MoS2 -(0.045±0.002) -(0.217±0.009) -(0.210±0.005) 0.212±0.011 1.03±0.050 
c-Si -(0.006±0.0002) -(0.021±0.001) -(0.054±0.001) 0.114±0.004 0.386±0.017 
 
The temperature coefficient T  for MoS2 and c-Si is unknown in our work. For steady-
state Raman, the temperature rise (K/mW) of MoS2 is from two parts: ∆T1 by the direct laser 
energy absorption and ∆T2 by the thermal energy absorption in c-Si. So we express the 
temperature rise by RSC as 
 
2 2CW, MoS 1 2 T, MoS
=( + ) .   T T  (4.5) 
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We have 1 01 02( )  T I I  and 2 03 T I . Similar to MoS2, the temperature rise 
(K/mW) of c-Si is also from two parts: ∆T3 by thermal energy absorption in MoS2 and ∆T4 by 
the direct laser energy absorption in c-Si. It could be represented by RSC as 
 CW, Si 3 4 T, Si=( + ) .   T T  (4.6) 
We also have 3 01 02( )  T I I  and 4 03 T I . 
For the zero-transport state ps laser Raman, it is simpler. Only laser absorption 
happens (the fast thermalization process), and there is no heat conduction. So we could express 
the temperature rise (K/mW) of MoS2 and c-Si by RSC as 
 
2 2ps, MoS 5 T, MoS
=  T , (4.7) 
 ps, Si 6 T, Si =  T , (4.8) 
where 5 01 02( )  T I I  and 6 03 T I . 
From the 3D simulation, for the steady-state CW laser heating, we could get 1T  and 
3T  by setting zero absorption in c-Si, 2T  and 4T  by setting zero absorption in MoS2. From 
zero-transport state ps laser heating, we could directly get 5T  and 6T  by only considering 
the laser absorption. 
From Eqs. 4.5 and 4.7, we express the normalized RSC of MoS2 measured in the 
experiment as 
 2
2
2
CW, MoS 1 2
MoS
ps, MoS 5 5
= .


    
T T
T T
 (4.9) 
From Eqs. 4.6 and 4.8, we express the normalized RSC of c-Si as 
 CW, Si 3 4Si
ps, Si 6 6
= .


    
T T
T T
 (4.10) 
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The temperature rises 1T , 2T , 3T , 5T , and 6T  are only related to the laser 
absorption in two materials. Additionally, we have 2 5 03 01 02( ) [ ( )]   T T I I I  and 
3 6 01 02 03( ) [( ) ]   T T I I I . To eliminate the laser absorption effect, we multiply these two 
temperature rise ratios from Eqs. 4.9 and 4.10 as  
 
2
2 5 3 61
MoS
5 Si 4 6
( / ) ( / ) .
/
         
T T T TT
T T T
 (4.11) 
In Eq. 4.11, term 2 5 T T  is not affected by laser absorption rate because both 1T  
and 5T  are proportional to (I01+I02). Similarly, term 4 6 T T also has nothing to do with laser 
absorption rate because both 4T  and 6T  are proportional to I03. So the normalized RSC 
value is now only a function of two parameters: ( , ) R D , the effect from laser absorption 
evaluation is successfully ruled out. Take the 6.6 nm thick MoS2 for example, from the 3D 
numerical simulation and Raman experiment, we could calculate 1 and 2 for MoS2 in the 
(D, R) space. Especially, in the (D, R) space for the zero-transport state, 5T  and 6T  remain 
constant without changing other parameters. Note in our Raman experiment, as mentioned 
above, the measured RSC of both MoS2 and c-Si are Raman-intensity weighted average of the 
sample. At a location of the sample, the local Raman intensity is proportional to the local laser 
intensity and the scattered Raman signal multi-reflected in the sample. For the zero-transport 
state, the measured temperature rise is also time averaged over the pulse width. All these have 
been considered in our modeling to evaluate the temperature rise of both MoS2 and c-Si 
substrate. 
Figure 4.6(a) and (b) show the calculated normalized RSC mapping for MoS2. The 
experimentally obtained normalized RSC (the isolines) could be satisfied by many different 
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(D, R) pairs. We could determine the exact D and R values by combining the results from these 
two cases as shown in Fig. 4.6(c), the cross point of the blue (1) and dark red (2) dashed 
curves: D is 0.637 cm2/s and R is 1.75×10-7 K·m2/W. As discussed in Section 3.3.2, we use the 
normalized probability distribution function () (0.6065) to present the results uncertainty as 
shown in the false color map of Fig. 4.6(c). Finally, the deduced R is 0.080.081.75

 ×10-7 K·m2/W 
and D is 0.1930.1540.637

  cm2/s. In addition, the final results and the uncertainty for the other six 
samples are summarized in Table 4.2 and also plotted in Fig. 4.7(a) and (b). 
 
Figure 4.6  3D modeling results for the 6.6 nm thick MoS2 sample.  
 
To visualize hot carrier diffusion effect on the thermal distribution, similar to Section 
3.3.2, we calculate the temperature rise distribution for the 6.6 nm thick MoS2 sample under 
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CW laser heating with 20× (left part) and 100× (right part) objectives by the determined D and 
R and show the results in Fig. 4.6 (d). Compared with the laser energy distribution (dark curve), 
the temperature distribution of MoS2 is out of the laser spot a lot, especially for the small 
heating size (100× objective). As discussed above, the diffusion length LD (252 nm for 6.6 nm 
thick MoS2) is only 1/5 of r0 under 20× objective (1.15 μm) and almost same to that under 
100× objective (294 nm). This makes the hot carrier diffusion effect on heat transport more 
prominent under 100× objective. For the zero-transport state ps laser heating, as shown in Fig. 
4.6(e), the temperature rise of MoS2 has almost the identical distribution to the ps laser energy 
distribution. The temperature rise of c-Si is so small due to its large volume and long laser 
absorption depth (~820 nm). This confirms that the R and D have negligible effect on the 
temperature rise of the samples.  
Table 4.2  The summary of the hot carrier diffusivity from the 3D numerical modeling and 
data fitting, and the corresponding electron mobility and hot carrier diffusion length. Also, the 
calculated the interface thermal resistance. 
Sample Thickness D (cm2/s) μ (cm2/V·s) LD (μm) R (10-7 K·m2/W) 
6.6 nm 0.193
0.1540.637

  
7.71
6.1825.5

  
0.139
0.1240.252

  
0.08
0.081.75

  
7.8 nm 0.227
0.2100.768

  
11.1
8.4130.7

  
0.166
0.1450.277

  
0.10
0.091.87

  
9.6 nm 0.201
0.1660.753

  
8.04
6.6230.1

  
0.142
0.1290.274

  
0.06
0.061.51

  
12.0 nm 0.262
0.2090.945

  
10.5
8.3737.8

  
0.162
0.1450.307

  
0.08
0.071.64

  
13.2 nm 0.31
0.251.07

  
12.6
10.042.7

  
0.177
0.1580.327

  
0.06
0.061.29

  
15.6 nm 0.208
0.1760.825

  
8.34
7.0233.0

  
0.144
0.1320.287

  
0.05
0.041.30

  
17.4 nm 0.31
0.261.25

  
12.5
10.350.0

  
0.177
0.1610.354

  
0.06
0.061.22

  
 
As discussed in Section 3.3.2, we can approximately treat the determined D in this 
work as unipolar carrier diffusivity of both electrons and holes. After conversion by Einstein 
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relation, for the 6.6 nm thick MoS2 nanosheets sample, the measured D corresponds to a 
mobility of =25.5 cm2/Vs. Moreover, 17.4 nm thick MoS2 has =50.0 cm2/Vs. Our measured 
 is very close to the literatures value of 30-60 cm2/Vs for few-layered MoS2 on SiO2,53 ~70 
cm2/Vs for few-layered MoS2 on Al2O3.116 One of the biggest difference between the optical 
and electric methods to study the carrier movement is that we do not cover the sample (MoS2 
nanosheets) with a dielectric layer such as HfO2.12 Nevertheless, our optically measured 
mobility is still comparable to that measured using the contact methods. As described above, 
during the diffusion process, the electron-hole pair moves together so that the pair is 
electrically neutral and will not be influenced by the Coulomb scattering.103 Hence, our results 
are much smaller than the theoretical optical-phonon-scattering-limited mobility (~400 
cm2/Vs).129 Such high mobility could only be approached by adopting high-κ dielectric 
materials (e.g., HfO2, Al2O3) to build top-gated devices.12,130 The dielectric layer is believed to 
affect (boost) the mobility because of the suppression of Coulomb scattering by the 
dielectric.118,119 Besides, it has been shown that some of the reported mobility values may have 
been greatly overestimated in this top-gated geometry.131 
4.3.3 Effect of MoS2 Thickness on R and D 
In order to elucidate how R and D values change with MoS2 thickness, we plot them 
as a function of MoS2 thickness as shown in Fig. 4.7(a)(b). The detailed results are also 
summarized in Table 4.2. As we can see, D has a relatively higher uncertainty than R. Both 
uncertainties come from the RSC fitting procedure and do not include systematic errors from 
the uncertainty of P, r0 and NA. In Fig. 4.7 (b), the carrier diffusivity D is higher for thicker 
MoS2 samples. D value almost doubles from 6.6 nm to 17.4 nm MoS2 sample. A similar trend 
for this thickness-dependent D value is also found by Li et al. 132 This strong dependence may 
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be attributed to weaker in-plane electron-phonon interaction for thicker samples.122 Besides, 
the additional MoS2 layers could serve as a dielectric capping layer that enhances screening of 
long-range disorder.53,122,132 And as the thickness increases, it has also been found that the 
effect of the charge impurities can be mitigated to some extent which leads to a mobility 
enhancement.133  
 
Figure 4.7  Interface thermal resistance and hot carrier diffusivity of seven MoS2 samples 
supported on c-Si as a function of thickness. Theoretical Raman intensity F for the seven 
samples.  
 
The interface thermal resistance we obtain here is in the order of 1.5×10-7 K·m2/W. 
They are larger than what we found in previous work, such as the 8.4 nm MoS2 on c-Si with R 
is 7.66×10-8 K·m2/W.68 We attribute this mainly to the unknown errors in laser absorption 
evaluation and Raman temperature coefficient calibration in our previous work while the ET-
Raman completely eliminates the errors from laser absorption evaluation and temperature 
coefficient calibration. We feel the laser absorption is one of the factors giving the largest 
uncertainty. First of all, in our previous work and work reported in literatures by other 
researchers, the laser beam absorption was evaluated based on the refractive index of MoS2 as 
4.4. However, this property features very large deviations from sample to sample, and a broad 
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range of 3.05~5.20 has been reported in literatures.15,85 Second, a small spacing between the 
2D material and the substrate can induce strong optical interference and change the absorption 
behavior substantially. Unfortunately, quantitative knowledge of this spacing is still not 
available, and this significantly downgrades the measurement accuracy. Third, when 
calculating laser beam absorption, the laser is assumed normal to the 2D material in past work. 
In fact, the laser beam is focused with a finite numerical aperture. This could bring in great 
errors in laser absorption calculation. The smaller R of thicker samples reveals their better 
interface contact with the substrate, leading to accordingly improved interfacial energy 
coupling as found in our previous work.68  
4.3.4 The Effect of Optical Properties 
To further elaborate that the optical properties [the complex refractive index (n–ikL)] 
of the sample have no effect on the results from ET-Raman technique, we vary the n and kL 
values to calculate the laser absorption rate based on TMM as shown in Table 4.3. In the above 
3D numerical simulation, the preset complex refractive index for 6.6 nm MoS2 is 4.4–1.1i.15 
Based on different combinations of n and kL values of MoS2, we calculate the temperature rise 
1T  to 6T  and deduce 2(MoS )  for both 20× and 100× objectives (two sub-states). 
2(MoS )  has a variance of less than one thousandth while changing n or kL value as shown 
in Table 4.3. For example, we reduce n by half and keep kL value (2.2–1.1i), the calculated 
2(MoS )  only increases by 0.11‰. So the change could be neglected. Because the R and D 
values are determined from 2(MoS )  under 20× and 100× objectives, so it is conclusive that 
the ET-Raman technique could eliminate the errors brought in by optical absorption evaluation.  
As discussed above, the optical properties of the samples are difficult to accurately 
determine and vary a lot from sample to sample. Additionally, based on the determined optical 
81 
 
properties, the laser absorption rate is estimated assuming a vertical incident laser beam. 
However, the focused laser beam converges along the propagation direction and this is very 
complicated to be taken into account when evaluating the laser absorption level. For monolayer 
MoS2, the absorbance level experimentally determined varies from 4% to 9%.14,134 Among the 
error sources for Raman-based thermal probing technique, the relative error in the laser 
absorption was by far the dominant contributor. Moreover, the accuracy of the measurement 
is strongly limited by the uncertainty of the optical absorption evaluation. To this end, some 
measured the laser absorption level by themselves to consider the absorption variation among 
samples75 or discussed the results by referring different absorbance levels obtained from 
others.44 All of these treatments still have to consider the effects and errors from optical 
absorption evaluation so that our results provide the most accurate understanding to date. 
Table 4.3  The study results for the effect of the optical properties of MoS2 on final normalized 
RSC values.  
Objective 
lens 
Complex 
index ∆T1 (K) ∆T2 (K) ∆T3 (K) ∆T4 (K) ∆T5 (K) ∆T6 (K) Θ(MoS2) 
20× 
4.4-1.1i 1.95 0.168 0.124 0.162 17.24 0.629 0.097 
2.2-1.1i 2.30 0.203 0.146 0.197 20.30 0.762 +0.11‰ 
5.5-1.1i 1.80 0.143 0.114 0.139 15.87 0.538 +0.05‰ 
4.4-0.55i 2.08 0.193 0.132 0.187 18.43 0.723 -0.21‰ 
4.4-2.2i 1.70 0.129 0.108 0.125 15.05 0.484 -0.02‰ 
100× 
4.4-1.1i 11.80 0.335 0.242 0.358 17.24 0.629 0.550 
2.2-1.1i 13.89 0.406 0.285 0.433 20.31 0.762 +0.21‰ 
5.5-1.1i 10.86 0.287 0.223 0.306 15.87 0.538 +0.50‰ 
4.4-0.55i 12.61 0.385 0.259 0.411 18.43 0.723 -0.13‰ 
4.4-2.2i 10.29 0.258 0.211 0.275 15.05 0.484 -0.10‰ 
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4.3.5 Thickness Effect on Interface Energy Transport: Interpretation from Interface 
Structure 
As we briefed above, the MoS2-substate interface could have a small spacing, and this 
spacing will significantly change the laser absorption in MoS2. This effect has not been 
considered in the past for laser absorption evaluation. Our ET-Raman technique completely 
rules out this effect. To have a deeper understanding of this effect, and shed light on above 
interfacial thermal resistance results, we perform the Raman intensity enhancement study to 
reveal the interface structure. As has been investigated, the local interfacial energy coupling 
will decrease significantly if there is even a tiny spacing (e.g. 0.1 nm) at the interface.32,68 At 
the same time, the spacing will induce Raman intensity variation. Therefore, in this section we 
study the Raman intensity of the MoS2 sample against its thickness, in anticipation to uncover 
the local interface spacing information.  
As we briefed above, the MoS2-substate interface could have a small spacing, and this 
spacing will significantly change the laser absorption in MoS2. This effect has not been 
considered in the past for laser absorption evaluation. Our ET-Raman technique completely 
rules out this effect. To have a deeper understanding of this effect, and shed light on above 
interfacial thermal resistance results, we perform the Raman intensity enhancement study to 
reveal the interface structure. As has been investigated, the local interfacial energy coupling 
will decrease significantly if there is even a tiny spacing (e.g. 0.1 nm) at the interface.32,68 At 
the same time, the spacing will induce Raman intensity variation. So in this section we study 
the Raman intensity of the MoS2 sample against its thickness, in anticipation to uncover the 
local interface spacing information.  
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Figure 4.7(c) shows the comparison of the experiment Raman peak intensity of MoS2 
1
2E g  mode and the theoretical Raman intensity F for our seven MoS2 samples (the calculation 
method is described in Section 2.3.3). In the comparison, we assume that there is no spacing 
for 9.6 nm thick MoS2 sample since it has the lowest theoretical Raman intensity among the 
seven samples. The deviation of the calculation results from our experiment results confirms 
the spacing existence for other six MoS2 samples, especially for the 6.6 nm and 13.2 nm thick 
ones. This spacing can significantly increase the interface thermal resistance and local laser 
energy absorption. For the first four samples (6.6 ~ 12.0 nm thick), the 9.6 nm thick sample 
has the lowest R value due to its perfect interface contact (assumed no spacing). 
Additionally, the thermal expansion coefficient (TEC) of MoS2 nanosheets (~10-5 K-
1)135,136 is larger than that of c-Si (3.9×10-6 K-1)137. Also during the experiment, MoS2 will have 
a higher temperature rise than c-Si. So when the sample is under laser heating, these two factors 
(spacing existence and TEC mismatch) combine to lead to interfacial thermal expansion 
mismatch between MoS2 nanosheets and c-Si. This could result in increased local interface 
spacing, less efficient heat transfer, and a higher interfacial thermal resistance. For the last four 
samples (12.0 ~17.4 nm thick), the R value has a declining trend. We attribute this to the fact 
that thicker MoS2 samples may have smaller TEC value just like PET (polyethylene 
terephthalate) film.138 The TEC mismatch between MoS2 nanosheets and c-Si substrate 
therefore decreases. As a result, the local interface spacing increase during experiment will 
become smaller than the thinner samples, leading to a better interface energy coupling. On the 
other hand, as we studied before,68 thicker samples have better mechanical stiffness which 
could help form a better contact with c-Si substrate during sample preparation. This could also 
account for the reduced R for thicker samples in this work. 
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Additionally, for some Raman-based thermal probing techniques used in literatures,44 
the TEC mismatch could also introduce large errors in the Raman temperature coefficient 
calibration. During the laser heating, the temperature rises of two materials are different. 
Especially, the temperature rise of c-Si is very small due to its large thermal conductivity. As 
a result, the two materials will experience different mechanical stresses. However, during the 
calibration experiment, they are kept at the same temperature level. Therefore, the thermal 
expansion mismatch between the two materials are different in calibration and experiment. As 
a result, the Raman wavenumber changes caused by the stress in MoS2 during the calibration 
are very complicated to be examined. Fortunately, as mentioned above, we do not need the 
Raman temperature calibration results for ET-Raman technique. Therefore, this kind of errors 
could be completely ruled out. 
4.3.6 Applicability of ET-Raman Technique 
This ET-Raman technique could also be applicable for other sample structures, such as 
suspended 2D material. For this structure, the absorbed laser energy could only dissipate along 
the in-plane direction. Additionally, the sample thermal relaxation time will be longer and there 
could be a heat accumulation effect by laser pulses. Therefore, the sample could be easily 
destroyed during the first several laser pulses. However, by controlling the laser to have a 
longer cooling time between pulses (low repetition rate), we could still apply ET-Raman to 
characterize suspended 2D materials. By using two different laser heating sizes in steady state 
laser heating, and one state in pulsed laser (nanosecond or picosecond laser) heating, both in-
plane thermal conductivity and hot carrier diffusivity could be determined. 
We can also use ET-Raman to study other 2D materials, such as other TMDs, black 
phosphorus, and graphene. However, the following points should be paid attention to. First, 
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for materials with an indirect bandgap, like few-layered MoS2, the radiative recombination of 
carriers is strongly restricted so that the energy carried by the hot carriers will be transferred 
to local phonons. For these materials, we could just apply ET-Raman demonstrated in this 
work to determine their D and R values. Second, for materials with a direct bandgap, such as 
single-layer MoS2, the radiative transitions dominate the recombination process. A coefficient 
may be applied to the last term of Eq. 3.2 to describe how much energy could transfer to local 
phonons. Third, for the materials without bandgap, like graphene, no hot electrons are 
generated during laser excitation. Electrons will carry the photon energy and transfer the 
energy to local lattice by electron-phonon scattering. So heat conduction equations for both 
electron and phonon will be needed to describe the diffusion process. Last, under extreme 
e.g., the material has a very long or very short hot carrier diffusion length compared with the 
laser heating spot size, the hot carrier diffusivity D will become difficult to measure. 
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CHAPTER 5.  INTERFACE THERMAL ENERGY TRANSPORT AND HOT 
CARRIER DIFFUSION OF FL MOS2 ON GLASS SUBSTRATE 
Currently reported optical-phonon-scattering-limited carrier mobility of MoS2 is up to 
417 cm2/V·s with two-side dielectric screening: one normal-κ side and one high-κ side. Here, 
using the ET-Raman technique, we discover the very fast hot carrier diffusion in m-scale 
(lateral) unconstrained MoS2 (1.8-18 nm thick) on glass substrate that only provides one-side 
normal-κ dielectric screening. The measured D spans from 0.76 to 9.7 cm2/s. A nonmonotonic 
thickness-dependent D trend is discovered and it peaks at 3.0 nm thickness. This is explained 
by the competition between two physics: with increased sample thickness, the increase of 
sufficient screening of the substrate results in a higher mobility, but thicker samples are subject 
to more surface contamination, loose substrate contact and weaker substrate dielectric 
screening. The corresponding carrier mobility varies from 31.0 to 388.5 cm2/V·s. This mobility 
is surprisingly high considering the normal- and single side dielectric screening by the glass 
substrate. It is a direct result of the less-damaged structure of MoS2 that is superior over MoS2 
samples measured in literatures that are subject to various post-processing to facilitate 
measurement. The very high hot carrier mobility reduces the local carrier concentration and 
will give a boost of Raman signal, which is further confirmed by our Raman signal study and 
comparison with the theoretical one. 
This chapter begins with brief characterization of MoS2 samples supported on glass 
substrate in Section 5.1. Then, in Section 5.2, we will focus on the physical model for this case 
and data processing details. The discussion about determination of R and D and structure and 
physics analysis is given in Section 5.3. 
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5.1 FL MoS2 on Glass Substrate preparation and Characterization 
To date, silicon wafer is very popular for standard integrated circuit processing and 
ideal substrates for creating transistors due to its extreme uniformity, chemical, and mechanical 
strength.139 So tremendous work has been focused on the study of semiconductor materials 
supported on silicon substrate. However, in other applications like display pixel backplane and 
peripheral logic devices,140,141 glass or plastic substrates are more suggested. For MoS2 
supported on glass substrate, a few related studies have been reported but only limited to simple 
FET structure.142-144 From another aspect, the mechanical properties of MoS2 nanosheets can 
be strongly affected by the substrate property and morphology. Unlike the polished c-Si 
substrate we used in our previous work,145 MoS2 prepared through mechanical exfoliation onto 
the glass substrate does not follow its nanoscale rough surface but instead is supported by the 
high points on the substrate. This surface roughness affects the energy coupling of MoS2 
nanosheets and the substrate, therefore may cause a local variance in the sample’s electrical 
and mechanical properties.146,147 Tang et al. indicated that the loose contact at the interface 
could significantly increase the interface thermal resistance.148 Also, a large temperature rise 
in glass substrate is expected in experiment due to its relatively low thermal conductivity.149 
However, its temperature profile could not be obtained by Raman spectroscopy because there 
is no prominent Raman spectrum in most glass substrates. Additionally, compared with c-Si 
substrate, the better dielectric effect from the glass substrate (SiO2) could dramatically increase 
the carrier diffusivity of its supported MoS2 nanosheets.53,106,132 All of these additional 
considerations when using glass instead of Si as substrate make it very challenging and 
complicated to study MoS2 nanosheets supported on glass substrate. 
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Still by micromechanical exfoliation method, six few-layered MoS2 samples were 
prepared. The samples are mounted on the glass substrate (Fisher brand pre-cleaned 
microscope slide) instead of the c-Si substrate. An optical microscope, atomic force 
microscope (AFM) and Raman spectroscopy are used to identify and locate the MoS2 
nanosheets. The MoS2 nanosheets have the lateral size ranging from 7 to 16 µm. Compared to 
the c-Si substrate, MoS2 nanosheets on glass substrate have better optical contrast,150 so we 
could easily identify larger ultrathin sheets.  
 
Figure 5.1  Six MoS2/glass samples AFM results and Raman shift position study results.  
 
Figure 5.1 (a)-(g) show AFM images of the six MoS2 samples on glass substrate. In 
each image, we use the dashed white circle to mark the sample area; the red dashed line to 
indicate the height profiles measurement area and the result is shown beneath the AFM image. 
The samples have a thickness of 1.8 nm, 3.0 nm, 5.4 nm, 7.8 nm, 11.4 nm, and 18 nm, 
respectively. Take the 1.8 nm thick MoS2 for example, it has a surface roughness (Rq) of 0.55 
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nm. Also, the substrate (glass) has a Rq (glass) around 1.6 nm which is pretty large compared 
with the c-Si substrate we used in previous works (Rq is only 0.09 nm). This is because that the 
glass substrate is not polished. The higher roughness could also suggest the wrinkles or ripples 
in the samples. The white dots could be the gel film residues introduced from the MoS2 sample 
preparation process because of the high points of the glass substrate. During the sample transfer 
process (from gel film to glass substrate), the MoS2 film could only have good contact with 
the high points of glass, and this attraction is stronger than that between MoS2 film and the gel 
film. However, the suspended area (no high point support) of MoS2 film has much weaker 
attraction with the glass. Therefore, the residues from gel film could be easily left on the MoS2 
film surface when the gel film detaches. For the thick samples, the interlayer van der Waals 
interaction within the MoS2 film is very strong compared to the attraction between MoS2 and 
gel film. However, for the ultrathin samples (1.8 nm has only three atomic layers), the final 
MoS2 film sample on glass experiences one last exfoliation when the gel film detaches it. 
Around half of MoS2 film is taken away by the gel film instead of being fully released to the 
glass substrate. So the thin sample surface is free of residue from the gel film. 
Besides, compared with the hydrophobic silicon, the glass is hydrophilic and large 
numbers of water molecules may be introduced to the interface. For the thick samples, the 
white dots are more evident and dense. We speculate that the water molecules could permeate 
through the thinner MoS2 nanosheets more easily and evaporate into the environment. The 
surficial water could also affect the samples’ thermal and electrical properties. Fig. 5.1(g) 
shows the thickness dependence of Raman shift of two Raman modes of MoS2 which agrees 
well with our previous results and validates our AFM measurement results. 
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Figure 5.2  Raman shift mapping false color images of 3.0 nm and 7.8 nm thick MoS2 samples. 
  
To have a better idea of the uniformity of sample surface structure, we also do the 
Raman shift mapping by using CW laser line for the 3.0 nm and 7.8 nm thick MoS2 samples. 
Here we take the 3.0 nm thick MoS2 sample for instance to discuss the Raman mapping results. 
Fig. 5.2(a) shows its AFM image with a width of 20 μm. The Raman spectra are recorded for 
each point with a step size of 500 nm and then they are analyzed by an MATLAB-based 
automatic fitting program to determine the Raman shift information. Fig. 5.2(a-1) and (a-2) 
show the false color images created from the Raman shift of 12gE  and 1A g  modes as a function 
of position. Fig. 5.2(a-3) shows the Raman shift difference of these two modes. Because we 
did the Raman experiments for D and R determination on a small area of the sample, to gather 
more information of that area, we zoom in the mapping area as marked with red square in Fig. 
5.2 (a-3). In the enlarged view, the mapping step size for this area is 100 nm. The relatively 
small variance of Raman shift difference mapping confirms the uniform sample thickness. In 
the mapping result of the samples, the boundary does not have a smooth transition. We attribute 
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this to the possible real structure variance. Besides, as just discovered in our group, the 
asymmetry of Raman scattering by structure variation could also account for this result.151  
5.2 Physical Model and Data Processing 
In ET-Raman, similar to the work in last chapter, we construct different energy 
transport states in both space and time domains, and examine the sample’s thermal response. 
We perform two sub-states for steady-state heating with different laser heating sizes by 
different objective lenses (100× and 20×) to differentiate the effect of D and R. The laser spot 
has a radius of 1.50 μm and 0.366 μm (1/e profile) for 20× and 100× objectives, respectively. 
By collecting and analyzing Raman signal under different laser power (P), we could get the 
RSC: χCW=əω/əP. Two RSC values could be obtained for each sample by varying the objective 
objectives, χCW1 for 20× objective, χCW2 for 100× objective.  
Then we generate two zero-transport states using the ps laser and obtain RSC under 
both 50× and 100× objectives as χps1 and χps2, respectively. Within each pulse (13 ps), the 
thermal diffusion length for both MoS2 nanosheets and glass substrate is around 38 nm and 6.6 
nm, respectively. ( t k 02L t ). They are all much smaller than the laser spot size (r0 is 0.246 
μm for 100× objective, and 0.431 μm for 50× objective). Hence, the heat conduction in the 
laser heating region has a very weak effect on the temperature rise. The relaxation time of the 
MoS2 nanosheets supported on glass substrate (R~10-6 K·m2/W) can be estimated as 
δz·ρcpR=37.8 ns which is even longer than the ps laser cooling time (20.8 ns). So the 
temperature of the sample could not be fully cooled down to its original. Instead, it will be 
heated again when next pulse comes until the sample reaches thermal equilibrium with the 
environment. Hence, there is a steady-state heat accumulation effect as shown in Figure 5.3. 
As a result, the temperature rise (χps) is from a combined effect of a single pulse and the steady-
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state accumulation of the heat. Especially, the heating size effect in the steady-state 
accumulation is negligible. So, the temperature rise induced by the accumulation is almost 
identical under same laser power level (e.g., 1 mW) when the thermal equilibrium reaches. 
However, the temperature rise from a single pulse is mostly coming from the volumetric heat 
capacity of the sample (ρcp) and will be different for different heating sizes. By comparing the 
zero-conduction state under different heating size (100× and 50× objectives), we could 
eliminate the steady-state accumulation effect. As a result, we could use these zero-transport 
states (ps laser heating) to distinguish the roles of ρcp and (R, D) with a negligible contribution 
of D and R to the temperature rise. 
 
Figure 5.3  Thermal relaxation time difference between Si and glass, and heat accumulation 
effect in glass under ps laser heating.  
 
For the MoS2 nanosheets on glass substrate, after the steady-state and zero-transport 
heating experiments, we define the dimensionless normalized RSC as 1= χCW1/(χps2-χps1) and 
2= χCW2/(χps2-χps1). Moreover, this normalized RSC completely rules out the effects of laser 
absorption, Raman temperature coefficients, and the pulse accumulation effect. 1 and 2 are 
only a function of the 2D material and substrate materials’ ρcp, R, and D. Through a 3D heat 
conduction model to include all these properties, we could finally determine D and R of the 
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2D material. Consequently, by ET-Raman, the uncertainties from the evaluations of absorbed 
laser power level and absolute temperature rise could be eliminated. 
5.3 Results and Discussion 
5.3.1 Experiment Results 
For both steady-state and zero-transport state Raman experiments, eight room-
temperature Raman spectra are collected at different laser power by the control computer to 
find the laser power coefficient for each sample. The CW laser energy is varied from 0.38 mW 
to 2.13 mW (0.090 to 0.506 MW/cm2) under the 100× objective, and from 1.34 to 7.59 mW 
(0.019 to 0.107 MW/cm2) under the 20× objective. The ps laser energy is from 0.195 to 1.106 
mW (pulse power density is from 0.053 to 0.303 GW/cm2) under 50× objective and from 0.126 
to 0.611 mW (pulse power density is from 0.106 to 0.514 GW/cm2) under 100× objective. Note 
that this laser power is the level just before the laser enters the MoS2 sample surface. 
Especially, for the ps laser Raman, the photon absorption saturation has to be avoided and 
make the sample stay within the linear temperature dependence range for Raman 
properties.126,127 For the 1.8 nm thick MoS2 under 100× objective with ps laser, as shown in 
Fig. 5.4(f), the saturable absorption begins around 0.602 GW/cm2, albeit smaller than the 
saturation intensity from the literature. So the saturation intensity for different samples may 
vary a little bit and very careful selection of the laser power range will be necessary. 
Next, we take the 1.8 nm thick sample to illustrate the results in this work. Fig. 5.4 (a) 
shows five representative room temperature Raman spectra and their corresponding Lorentzian 
fits of MoS2 under 100× objective by CW laser. Results under 50× objective by ps laser are 
shown in Fig. 5.4 (b). In Fig. 5.4 (a), with increased laser power, both two modes of MoS2 shift 
to left (red shift) linearly and the shifts are visible as | (0.38 mW ~ 2.13 mW) by CW laser 
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and | (0.19 mW ~ 1.11 mW)  by ps laser for MoS2. These Raman shift changes show that 
the temperature of the sample heating area becomes higher under a higher laser power. Note 
that the Raman linewidth of MoS2 from CW laser is smaller than that from ps laser, as shown 
in Fig. 5.4(a) and (b). This is because the observed signal of Raman is not solely dependent on 
the spectral resolution of the spectrometer, but it is also dependent on the linewidth of the laser. 
The CW laser comes with a spectral linewidth less than 0.01 pm. However the picosecond laser 
has a linewidth around 9 pm. However, this will not affect the absolute Raman peak position. 
Additionally, we use the linear fitting results from Raman shift position against laser power to 
determine the final results. So the absolute difference in Raman spectra from two laser sources 
will be ruled out.  
 
Figure 5.4  The ET-Raman experiments results of 1.8 nm thick MoS2 nanosheets.  
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By using CW laser, as shown in Fig. 5.4(c) and (d), the linear fitting results RSC of 
MoS2 12gE  mode under 20× objective ( CW1 ) is ‒(0.289±0.009) cm-1/mW, and under 100× 
objective ( CW2 ) is ‒(0.960±0.043) cm-1/mW. They are also much higher than the 
corresponding RSC (CW) value of MoS2 (6.6 nm thick) on c-Si substrate: ‒0.026 cm-1/mW 
(20× objective) and ‒0.150 cm-1/mW (100× objective).145 For glass substrate, the heat 
dissipation is less efficient due to its small thermal conductivity. So a larger temperature rise 
is expected for MoS2 supported on glass substrate.  
Table 5.1  Summary of Raman experiment results and thickness dependent bandgap of six 
MoS2 samples.  
Sample 
thickness  
1.8 nm 3.0 nm 5.4 nm 7.8 nm 11.4 nm 18.0 nm 
Band gap 1.64 eV 1.54 eV 1.42 eV 1.35 eV 1.31 eV 1.30 eV 
CW1
-1
 
(cm /mW)
 -(0.289 
±0.009) 
-(0.344 
±0.014) 
-(0.289 
±0.009) 
-(0.370 
±0.017) 
-(0.369 
±0.017) 
-(0.240 
±0.010) 
CW2
-1
 
(cm /mW)
 -(0.960 
±0.043) 
-(0.940 
±0.041) 
-(0.973 
±0.040) 
-(0.936 
±0.044) 
-(0.784 
±0.032) 
-(0.620 
±0.023) 
ps1
-1
 
(cm /mW)
 -(1.85 
±0.11) 
-(1.43 
±0.03) 
-(1.24 
±0.02) 
-(1.10 
±0.04) 
-(0.71 
±0.02) 
-(0.42 
±0.01) 
ps2
-1
 
(cm /mW)
 -(3.77 
±0.08) 
-(3.09 
±0.06) 
-(2.72 
±0.08) 
-(2.04 
±0.06) 
-(1.48 
±0.02) 
-(1.05 
±0.02) 
1  0.150 
±0.010 
0.207 
±0.010 
0.251 
±0.014 
0.394 
±0.025 
0.375 
±0.017 
0.382 
±0.021 
2  0.499 
±0.038 
0.566 
±0.030 
0.658 
±0.034 
1.00 
±0.06 
1.03 
±0.05 
0.988 
±0.053 
 
By using ps laser under 50× and 100× objectives, as shown in Fig. 5.4(e) and (f), the 
RSC values of MoS2 12gE  mode are ‒(1.85±0.11) cm-1/mW and ‒(3.77±0.08) cm-1/mW, 
respectively. The power coefficient under 100× objective ( ps2 ) is larger than that under 50× 
objective ( ps1 ). This difference comes from the temperature rise from the single pulse. Just 
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like in CW laser heating, ps laser under 100× objective has a higher power density. Similarly, 
for 50× objective, it is also much higher than the corresponding RSC (ps) value of MoS2 (6.6 
nm thick) on c-Si substrate ‒0.057 cm-1/mW.145 The RSC values for all six samples are 
summarized in Table 5.1. 
5.3.2 Determination of D and R 
We apply the 3D numerical modeling based on the finite volume method to calculate 
the temperature rise to determine the D and R values. Take the 1.8 nm thick MoS2 for example, 
from the 3D numerical simulation and Raman experiment, we could calculate the normalized 
RSC (1 and 2) for MoS2 in the (D, R) space. As mentioned in Section 4.3.2, the MoS2 
nanosheets have the thickness dependent bandgap.15 As summarized in Table 5.1, we extract 
the Eg values to determine R and D values. This consideration is especially important and 
necessary for relatively thin samples: 1.8 nm MoS2 has Eg as 1.64 eV, and it dramatically 
decreases down to 1.42 eV for 5.4 nm. Fig. 5.5 (a) and (b) show the calculated normalized 
RSC mapping for MoS2. Many different (D, R) pairs could satisfy the experimental normalized 
RSC (the isolines). By combining the results from these two cases as shown in Fig. 5.5 (c), we 
determine the exact D and R values from the cross point of the blue (1) and dark red (2) 
dashed curves. Finally, the deduced R is 0.160.161.28

 ×10-6 K·m2/W and D is 
1.33
0.974.17

  cm2/s. The 
final results with the uncertainty for all six samples are summarized in Table 5.1 and also 
plotted in Fig. 5.5 (a) and (b). 
Then, we obtain the temperature profile from the 3D modeling (by the determined D 
and R) for the 1.8 nm thick MoS2 sample and its substrate, under 20× (left part) and 100× (right 
part) objectives with CW laser heating. As shown in Fig. 5.5 (d), this visualizes the hot carrier 
diffusion effect on the thermal energy distribution. Especially, the temperature rise in glass 
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results from the thermal energy transferred from upper MoS2. The low thermal conductivity of 
glass restricts the heat dissipation. Compared with the laser energy distribution (dark curve), 
the temperature distribution of MoS2 is out of the laser spot a lot, especially for the small 
heating size (100× objective). For the zero-transport state ps laser heating modeling, we only 
consider the temperature rise from the single pulse. As shown in Fig. 5.5 (e), the temperature 
rise of MoS2 almost has the same distribution to the ps laser energy distribution. This confirms 
that the R and D have a negligible effect on the temperature rise of the samples. The 
temperature rise of glass substrate is close to zero due to negligible heat transport from MoS2 
during very short ps laser pulse duration.  
Table 5.2  Summary of the interface thermal resistance (R) and hot carrier diffusivity (D) from 
the 3D numerical modeling and data fitting, the corresponding electron mobility (μ) and hot 
carrier diffusion length (LD).  
Sample Thickness D (cm2/s) μ (cm2/V·s) LD (nm) R (10-6 K·m2/W) 
1.8 nm 1.33
0.974.17

  
53.3
39.1166.8

  
365.1
312.6645.8

  
0.16
0.161.28

  
3.0 nm 1.89
1.579.71

  
75.5
62.8388.5

  
434.4
396.2985.5

  
0.18
0.171.94

  
5.4 nm 1.90
0.705.17

  
75.9
28.0206.8

  
435.5
264.7719.0

  
0.15
0.151.16

  
7.8 nm 1.09
0.792.33

  
43.4
31.493.3

  
329.4
212.9482.9

  
0.31
0.292.07

  
11.4 nm 0.45
0.320.76

  
18.1
13.030.2

  
212.9
180.2274.9

  
0.14
0.137.09

  
18.0 nm 0.38
0.250.78

  
15.2
10.031.0

  
194.8
158.2278.5

  
0.14
0.130.41

  
 
In this work, the measured D corresponds to a mobility range from 31.0 cm2/V·s (18.0 
nm thick) to 388.5 cm2/V·s (3.0 nm thick). Our measurement upper bound is larger than most 
of the reported work. We attribute this to the fact that our MoS2 samples are unprocessed and 
unconstrained. Early electrical measurements have deduced motilities in the range of 100-260 
cm2/V·s for bulk MoS2 crystals.103 
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Figure 5.5  3D numerical modeling results for the 1.8 nm thick MoS2 sample.  
 
Moreover, the theoretical optical-phonon-scattering-limited mobility was reported up 
to 400 cm2/V·s approached by adopting high-κ dielectric materials (e.g., HfO2, Al2O3) to build 
top-gated devices.12,129,130,152 Furthermore, compared with the c-Si substrate (p-doped) as 
shown in last chapter, the insulator glass substrate used in this work could create better 
dielectric environment to enhance the dielectric screening of Coulomb potentials which could 
lead to enhanced carrier mobility especially for relatively thin MoS2 samples.53,132 Besides, 
compared to the air (dielectric constant is 1), MoS2 has a much larger dielectric constant 
(~4).153 As a result, for thicker MoS2 samples, the upper part itself could also serve as the high 
dielectric environment (dielectric capping effect).53 
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5.3.3 MoS2 Thickness Effect on R and D 
In anticipation to find out the effect of MoS2 thickness on R and D, we plot them as a 
function of MoS2 thickness as shown in Fig. 5.6. For comparison, the D and R results from 
MoS2 supported on c-Si substrate from last chapter are also plotted in these two figures. Table 
5.1 also lists the entire results. For the hot carrier diffusivity D, as shown in Fig. 5.6(a), the 3.0 
nm MoS2 sample has the largest D value. Similar trends for this thickness-dependent carrier 
mobility are also reported before.122,132 The inset of Fig. 5.6(a) shows the carrier mobility 
results from Lin et al.’s work.122 They attribute this to the effect from metal source/drain 
contacts, and only the top MoS2 layer could be connected to the contacts.154 With decreased 
sample thickness, the absence of sufficient screening of the substrate results in a lower 
mobility. However, when the thickness is becoming smaller, the finite interlayer conductivity 
(in a resistor network model) could result in an effective higher total mobility.154 The 
competition of these two physics accounts for a maximum mobility value at a certain layer 
thickness.133 For our optically generated hot carrier transport, the resistor network model does 
not apply here. Instead, we have following explanations for this nonmonotonic relationship 
between sample thickness and hot carrier diffusivity. For thin samples (1.8 nm and 3.0 nm 
thick), with the increase of film thickness, the effect of the charge impurities will be reduced 
and the screening of substrate increases, both leading to carrier transport boost.133 During the 
sample transfer process, contamination of the sample cannot be avoided. Such contamination 
includes charged impurities and defects such as absorbed or trapped oxygen and water, residue 
from Gel film or Scotch tape, or trapped ions and substrate defects.155 All these could 
significantly contribute to disorders and degrade the hot carrier transport. For thicker samples, 
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as shown in the sample AFM characterization results from Section 5.1, the white dots in the 
AFM images could be the high points or the Gel film residues, especially for the thick samples 
(>7.8 nm thick). The loose contact caused by the high points of the substrate could weaken the 
substrate dielectric screening and restrict the carrier transport. This also accounts for the fact 
that, as shown in Fig. 5.6(a), the D for thicker MoS2 samples are almost at the same level for 
both glass and c-Si substrates. However, the measured D in this work is relatively lower. As 
discussed in sample preparation in Section 5.1, the hydrophilic glass dielectric surface could 
introduce more water molecules to thicker MoS2 nanosheets samples. These water molecules-
induced electronic traps could also affect the charge transfer, leading to a decreased carrier 
diffusivity.156 Besides, for the maximum D value (3.0 nm thick MoS2), additional discussion 
could also be found in next section.  
 
Figure 5.6  Hot carrier diffusivity, interface thermal resistance versus sample thickness of six 
MoS2 samples on glass substrate (the red plots). The theoretical Raman intensity study results.  
 
For the interface thermal resistance as shown in Fig. 5.6 (b), we obtain here is in the 
order of 2×10-6 K·m2/W. They are much larger than what we found in previous work for c-Si 
supported MoS2 nanosheets [dark dots in Fig. 5.6 (b)], such as the 6.6 nm MoS2 has R as 
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1.75×10-7 K·m2/W. On the one hand, the ET-Raman eliminates the errors from laser absorption 
evaluation and temperature coefficient calibration. Therefore, we do not need to consider those 
two factors. On another hand, as we mentioned in the introduction section, the glass substrate 
we used in this work is not polished as the c-Si substrate. So the MoS2 nanosheets prepared 
from mechanical exfoliation onto glass substrate are actually supported by the high points from 
the substrate. This imperfect and loose interface contact could dramatically weaken the 
interface energy coupling.32 Besides, as shown in Fig. 5.6 (b) and Fig. 5.1 (e), 11.4 nm thick 
MoS2 sample has both the largest R value and largest lateral size. It is possible that the stress 
in the exfoliated MoS2 sample is difficult to be released, especially for the sample with large 
lateral size. This kind of stress can also reduce the interface energy coupling. In this work, the 
dielectric substrate promotes great screening and simplifies the transfer of hot carriers. There 
are some concerns for the applicability of ET-Raman to study the hot carrier mobility of 2D 
MoS2 supported on metal surface. With the metal as substrate, the Fermi level pinning (FLP) 
will occur at the interface which will make the Fermi level pinned closer to the conduction 
band in MoS2. This Fermi level shift may form the covalent bonds between MoS2 and the 
contact metal. As a result, most of the photo-generated charge carriers will diffuse into the 
metal substrate. Besides, many other complicated physical phenomena have to be taken into 
consideration while using metal substrate, such as the enhanced surface recombination, low 
substrate Coulomb screening, etc.  In this case, ET-Raman will have great difficulty to study 
its effect by heating size variation. 
5.3.4 Theoretical Raman Intensity Study 
The theoretical Raman intensity of different samples could be evaluated by considering 
multiple reflections of both the incident laser beam and the Raman signal within the supported 
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MoS2 nanosheets. The comparison of the theoretical Raman intensity F and the experiment 
Raman intensity is shown in Fig. 5.6 (c). As has been studied in our previous work, the Raman 
signal of the sample will be significantly enhanced if there is even a tiny spacing at the interface 
(MoS2 supported on c-Si substrate). In the experiment, the 3 nm thick sample has the largest 
Raman intensity per unit laser power excitation. Moreover, we have tried to increase the 
interface spacing level (from 0 to hundreds of nanometers) and found that the theoretical 
Raman intensity was not very sensitive to the spacing (increased only less than 10%) for our 
samples. This shows that the spacing has very limited contribution to this Raman intensity 
enhancement. 
Additionally, as shown in Fig. 5.6 (a) and (c), the theoretical Raman intensity has the 
same change trend to our D value versus sample thickness. This could be explained below. For 
MoS2, it is experimentally considered to be an n-type semiconductor due to its sulfur 
vacancies.157,158 This means that the donor (electron) concentration is larger but it may vary 
from sample-to-sample. This difference gives MoS2 slightly different Fermi energy levels and 
the Fermi energy increases (shifts to conduction band) with increased electron concentration. 
Besides, because the electron-phonon scattering rate and Fermi energy have a positive 
correlation, the Raman intensity is inversely proportional to Fermi energy.159,160 In the Raman 
laser heating process, the 3.0 nm thick sample has the largest carrier diffusivity that can result 
in lower carrier concentration level at its excitation region due to the fast carrier diffusion. This 
will lead to a relatively lower Fermi energy level. So its local Raman intensity is enhanced and 
much larger than its theoretical intensity. 
For the experimentally obtained Raman intensity, we use a 50× objective lens 
(NA=0.5) to collect the Raman signal for all six samples under the same laser energy level (2.5 
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mW before entering the sample) and same integration time (4 s). Moreover, we assume the 
normal incidence because of the backscattering geometry, the propagation direction of the 
incident and scattered light is perpendicular to the plane of the MoS2. In addition, the laser 
beam is Gaussian and the focused laser beam hits the sample surface at the beam waist which 
provides the normal incidence of the laser beam in the sample.91,159 For our MoS2 samples, the 
thickness is too small to consider the portion of the beam entering the sample at an oblique 
angle. 
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CHAPTER 6.  FIVE-STATE PICOSECOND ET-RAMAN FOR MEASURING IN-
PLANE THERMAL CONDUCTIVITY OF FEW-LAYERED MOS2 UNDER 
CONJUGATION WITH HOT CARRIER AND INTERFACE PHONE TRANSPORT 
During the ET-Raman study for interface thermal resistance of FL MoS2 and its 
substrate, the in-plane thermal conductivity value was refered from other’s work. This could 
not suit our case and may introduce uncertainty for our interface energy transport study. In this 
work, we introduce a technique to determine k of FL MoS2 by designing different Raman laser 
heating states at both space and time domain: Five-State ET-Raman. This is simple and reliable 
and is more generally applicable than many existing methods. It can be used effectively to 
determine the k and also interface thermal resistance (R) and hot carrier diffusivity (D) 
simultaneously with high accuracy and confidence because it can successfully eliminate the 
errors brought by evaluations of laser energy absorption and Raman temperature calibration. 
Using the technique, we determined the k, D, and R of eight FL MoS2 samples with a thickness 
ranging from 2.4 to 37.8 nm supported on a glass substrate. And a nonmonotonic thickness-
dependent k trend is discovered and agrees well with others’ work. It decreases from 60.3 
W/m·K for 2.4 nm thick to 31.0 W/m·K for 9.2 nm thick, and increases to 76.2 W/m·K for 
37.8 nm thick MoS2.  
In this chapter, I will first demonstrate the physical model of Five-State Picosecond 
ET-Raman technique in section 6.1. Then the experiment details including the sample 
preparation, experiment setup, and Raman experiment results in section 6.2. In section 6.3, I 
will show how we can simultaneously determine three important physical parameters in the 
2D interface systems: D, R, and k. Additionally, especially for the thickness-dependent k, I will 
give some physical discussion for our findings. 
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6.1 Physical Principles of Five-State Picosecond ET-Raman Technique 
In the Five-States Picosecond ET-Raman technique, we construct total five distinct 
energy transport states in both space and time domains, and probe the materials’ thermal 
response to determine the in-plane thermal conductivity of MoS2 with consideration of the 
effect of interface thermal transport and hot carrier diffusion. Fig. 6.1 shows the physical 
principles of this technique. Similar to the ET-Raman technique, a laser with 532 nm irradiates 
the 2D MoS2 sample for both laser heating and Raman probe. In a big picture, the absorbed 
laser energy will be transported from two effects: in-plane hot carrier diffusion and two 
directions (both in-plane and out-of-plane down to the substrate) phonon transport. For in-
plane direction, both hot carrier diffusion (hot carrier diffusivity) and phonon transport 
(thermal conductivity) contribute to the thermal energy transport. From the hot carrier diffusion 
process, thermal energy from this thermalization process will dissipate out to the lower 
temperature area. The heat transfer rate (q) could be considered as the circular fin situation as 
1 0 1 1 1 0 1 1
0
0 0 1 1 0 0 1 1
( ) ( ) ( ) ( )2 ,
( ) ( ) ( ) ( )
K mr I mr I mr K mrq kr t Tm
K mr I mr I mr K mr
     where k, t, and r1 is the in-plane thermal 
conductivity, the thickness, and lateral size (radius) of 2D material, r0 is the radius of laser 
heating spot, m=(k·t·R)-1 and R is the interface thermal resistance between 2D material and its 
substrate. We can describe the heat transfer rate by hot carriers as 0( / )2 ,gq N r r DtE    
where (r, )N t (cm-3) is hot carrier concentration, D (cm2/s) is hot carrier diffusivity, Eg is the 
bandgap of 2D material. As we can see, the thermal energy transport by phonon and hot carrier 
follow different rules as a function of laser heat spot size so that we could differentiate the 
effect of D, k, R by designing steady state heating with different laser heating sizes. By this 
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technique to measure the k of MoS2, not only can we will consider the effect from D and R on 
thermal energy transport, but we also could determine the D and R values.  
 
Figure 6.1  The physical principle of Five-State Picosecond ET-Raman. 
 
Specifically, in our technique, we have three sub-states in steady-state heating and two 
sub-states in picosecond heating. In the steady-state heating, three sub-states come with 
different laser heating sizes. As shown in Fig. 6.1 (d) - (f), we use a CW laser source to generate 
steady-state heating to study the temperature profile with strong (R, k, D) effect from Raman 
signal. Moreover, by using different objectives (20×, 50×, and 100×) to have the size variation, 
we could differentiate the effect of R, D, and k. In Fig. 6.1 (a), the laser heating spot under a 
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20× (NA=0.4) objective has a diameter around 2.79 μm (1/e peak value). Since the MoS2 
nanosheets will absorb the laser energy, they will conduct the absorbed energy directly to 
substrate via R and to the in-plane direction then to the substrate via the interface (effects of R, 
D, and k). At the same time of laser heating, the same laser beam also excites Raman signal by 
which we could get the temperature profile of the sample. The determined RSC: χCW1=əω/əP 
will be affected by R, D, and k, laser absorption coefficient, and temperature coefficient of 
Raman shift. Then, as shown in Fig. 6.1 (e) and (f), we reduce the laser heating dimension to 
much smaller levels by a 50× (NA=0.5) objective (1.05 μm) and a 100× (NA=0.8) objective 
(0.657 μm). Then we also obtain RSC from corresponding experiments as χCW2 and χCW3. RSC 
increases with smaller heating size (χCW1 < χCW2 < χCW3) due to its larger energy density. 
Besides, when the heating spot size decreases, the D and k of the 2D material will have more 
influence on the measured temperature, and R will have less effect. Ideally, when the laser 
heating spot size is even larger than 2D material, the measured temperature rise will be 
dominated by the interface property (R). Therefore, these three steady states construction could 
differentiate the effect of k, D, and R in the measured RSC by Raman spectroscopy.  
Another two sub-states in picosecond laser heating are opposite to the steady-state: it 
has zero-transport. As shown in Fig. 6.1 (b) and (c), we apply the ps laser under 50× (NA=0.5, 
0.92 μm) and 100× (NA=0.8, 0.52 μm) objectives. Similarly, we obtain RSC under both 50× 
and 100× objectives as χps1 and χps2, respectively. We could use these zero-transport states (ps 
laser heating) to distinguish the roles of ρcp and (R, k, D) with a negligible contribution of R, 
k, and D to the temperature rise. 
Based on the determined RSC values from the steady-state and zero-transport heating 
experiments, we define the dimensionless normalized RSC as 1= χCW1/(χps2–χps1), 2= 
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χCW2/(χps2–χps1), and 3= χCW3/(χps2–χps1). Moreover, this normalized RSC completely rules out 
the effects of laser absorption, Raman temperature coefficients, and the pulse accumulation 
effect.  is only a function of the 2D material and substrate materials’ ρcp, R, k, and D. Through 
a 3D heat conduction model to include all these properties, we could finally determine 2D 
material’s R, k, and D simultaneously.  
6.2 Five-State Picosecond ET-Raman Experiment Details 
6.2.1 Sample preparation and characterization 
We prepare eight few-layered supported MoS2 samples by micromechanical cleavage 
technique. The lateral size of layered MoS2 nanosheets has an equivalent radius ranging from 
7.5 to 13 µm.  
 
Figure 6.2  AFM measurement results of eight FL MoS2 sample on glass substrate.  
 
As illustrated in Figure 6.2, the samples have a thickness of around 2.4, 3.6, 5.0, 9.2, 
15.0, 24.6, 30.6 and 37.8 nm, respectively. The blue dashed square shows the area where the 
laser is focused during different Raman experiments. We also evaluate the sample surface 
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roughness. For example, the 2.4 nm thick sample has a root-mean-square (RMS) roughness 
(Rq) of 1.11 nm. Rq varies for different samples. Larger Rq indicates possible wrinkles or 
ripples. For reference, the substrate (glass) surface has a Rq (glass) around 1.6 nm. 
6.2.2 Five-State ET-Raman experiment setup 
As shown in Fig. 6.3, similarly, the Raman experiments are performed by using a 
confocal Raman system that consists of a Raman spectrometer. The 532 nm CW laser or ps 
laser is introduced to the Raman system. Three different objective lenses are used for steady-
state heating, and two different objective lenses are used for ps laser heating.  
 
Figure 6.3  Schematic of Five-State Picosecond ET-Raman experiment setup. 
 
6.2.3 Thermal response of MoS2 under CW and picosecond-pulsed laser heating 
In the Raman experiments, as shown in Fig. 6.4(a)-(e), the laser heating size is 
determined by the spatial energy distribution for each heating state. Take 20× objective with 
CW laser for example, as shown in Fig. 6.4 (a), the false color map data is from the image 
captured by the CCD camera. The corresponding laser spot size (at e-1) is determined as 1.40 
μm.  Taking the 2.4 nm thick MoS2 sample for example, a typical Raman spectrum of MoS2 
110 
 
under different heating states is shown in the first sub-figure [e.g., Fig. 6.4 (a-1)]. The RSC 
value for five different heating states are obtained by the linear fitting. 
 
Figure 6.4  Spatial focused laser energy distribution false-color map of five heating states. The 
typical Raman spectrum and the linear fitting result (RSC) of 2.4 nm thick MoS2 nanosheets 
at different heating states. The solid curve and line are the fitted results. 
 
By CW laser, as shown in Fig. 6.4 (a-2), (b-2) and (c-2), the linear fitting results RSC 
of MoS2 12E g  mode under 20× objective is ‒(0.431±0.008) cm-1/mW, under 50× objective is ‒
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(0.965±0.028) cm-1/mW, and under 100× objective is ‒(1.253±0.031) cm-1/mW. By ps laser 
under 50× and 100× objectives, as shown in Fig. 6.4 (d-2) and (e-2), the RSC values of MoS2 
1
2E g  mode are ‒(1.596±0.038) cm-1/mW and ‒(3.542±0.078) cm-1/mW, respectively. Based on 
the RSC values from five heating states, we obtain the normalized RSC as Θexp_1 = 
Θexp_2 = 0.496±0.019, and Θexp_3 = 0.644±0.026.  
6.3 Simultaneous determination of k, D, and R 
Then, as demonstrated in Chapter 4, we conduct the 3D numerical modeling calculate 
the temperature rise to determine the in-plane thermal conductivity (k), hot carrier diffusivity 
(D) and the interface thermal resistance (R). Take the 2.4 nm thick MoS2 for example, from 
the 3D numerical simulation and Raman experiment, we could calculate 1, 2 and 3 for 
MoS2 in the (k, D, R) space. Then, we use the normalized probability distribution function (Ω) 
to recalculate the (k, D, R) space data to determine the (k, D, R). 
2 2
exp_exp ( ) / (2 )i i i i        (i = 1, 2, and 3) with Θi and Θexp_i are normalized RSC value 
from 3D modeling and experiment, respectively. i is the experimental uncertainty. In the (k, 
D, R) space, we define a composite probability distribution function as  ( , , )k D R  
1 2 3   . The position in the (k, D, R) space of ( , , ) 1.0k D R   represents the 
corresponding (k, D, R) results for this sample. For the 2.4 nm thick sample, as shown in Figure 
6.5 (a), the ( , , ) 0.65k D R   in the (k, D, R) space gives a (k, D, R) range. In this space range, 
we are more than 65% confident that the final (k, D, R) result is inside. When we increase the 
confidence level from 0.65 to 0.80 to 0.95, and to 1.0, as shown in Fig. 6.5 (b)-(d), the (k, D, 
R) space range gets smaller and smaller. As a result, in Fig. 6.5(d), there will be only one point 
(k0, D0, R0) in the space that could give us Ω(60.3 W/m·K, 7.92 cm2/s, 1.82×10-6 K·m2/W)=1.0. 
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So we could have the simultaneous determination of k, D, and R as k0 = 60.3W/m·K, D0 = 7.92 
cm2/s, and R0 = 1.82×10-6 K·m2/W.   
 
Figure 6.5  Simultaneous determination of k, D, R of 2.4 nm thick MoS2 sample. 
 
Fig. 6.5 (e)-(g) show the cross-section views of Fig. 6.5 (a) which are the color contours 
of the different confidence levels. All those three cross-section planes go through the point of 
( , , ) 1k D R   in the (k, D, R) space. Fig. 6.5 (e) represents the 2D ( , , )  k D R  contour in (k, 
R) space with D = D0 = 7.92 cm2/s. Two dash lines through point 0( , , ) 1.0  k D R   also give 
the k and R determination. Also, by extracting the data from dash lines, as shown in Fig. 6.5(h)-
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(j), we could have a 1D plot of ( , , )k D R  against k, D, and R, respectively. The red 1D plot 
in Fig. 6.5(h) corresponds to the red dash lines in Fig. 6.5(e) and (f). Another two 1D plots in 
Fig. 6.5(i) and (j) correspond to the green and blue dash lines in Fig. 6.5(e)-(g), respectively. 
To show the final results with uncertainty, we use the value of ( , , ) 0.6065  k D R   
corresponding to the σ confidence to find the final results range. From Fig. 6.5 (h)-(j), we have 
the deduced k0 as 4.54.660.3

  W/m·K, D0 as 
0.71
0.737.92

 cm2/s, and R0 as 
0.10 6
0.091.82 10
 
  K·m2/W. Also, 
Also, the final results and the uncertainty for all eight samples are summarized in Table 6.1 
and also plotted in Fig. 6.6 (a)-(c). Note that all uncertainties come from the RSC fitting 
procedure and we do not include systematic errors from the uncertainty of P, r0 and NA. 
Table 6.1  The summary of the thermal conductivity (k), hot carrier diffusivity (D), and the 
calculated the interface thermal resistance (R) of eight MoS2 samples.  
Sample Thickness Layer Number k (W/m·K) D (cm2/s) R (10-6 K·m2/W) 
2.4 nm 4 4.4
4.760.3

  
0.74
0.827.92

  
0.10
0.091.82

  
3.6 nm 6 4.3
4.246.0

  
1.13
1.0510.3

  
0.047
0.0460.602

  
5.0 nm 8 3.3
3.235.1

  
1.22
1.2310.2

  
0.061
0.0600.798

  
9.2 nm 15 2.8
2.731.0

  
1.11
1.028.49

  
0.042
0.0410.402

  
15.0 nm 25 2.1
2.151.0

  
1.04
0.9610.2

  
0.049
0.0490.480

  
24.6 nm 41 2.3
2.152.4

  
1.12
1.067.63

  
0.12
0.121.07

  
30.6 nm 51 2.2
2.262.9

  
0.93
0.916.45

  
0.120
0.1200.938

  
37.8 nm 63 2.5
2.576.2

  
0.96
0.886.22

  
0.103
0.0990.482

  
 
6.4 Results and Discussion 
6.4.1 Thickness-Dependent In-plane Thermal Conductivity of FL MoS2 
In Fig. 6.6 (a), we show the in-plane thermal conductivity of eight 2D FL MoS2 samples 
at room temperature as a function of the thickness (number of layers). We also insert the recent 
114 
 
measurement results for comparison.64,65,71-75 The different values from different works of 
thermal conductivity could be attributed to the difference from samples quality and 
measurement methods.  
 
Figure 6.6  Summary of the room temperature in-plane thermal conductivity of MoS2 as a 
function of layer number for this work (dark squares) and other experimentally obtained 
results. Hot carrier diffusivity (D) and interface thermal resistance (R) of eight MoS2 samples. 
The blue, red, and green curves are used to visually guide the trend of the data. 
 
However, the nonmonotonic thickness-dependent k trend guided by a light blue curve 
with the nadir at around 6.6 nm thick (10 layers) found in this work agrees well with others’ 
results. This dependence could be rationalized as follows. On the one hand, as shown in Fig. 
6.2, we could find some white dots in the AFM images which are potentially the Gel film 
residues, especially for 15 nm thick sample. This possible presence of Gel film residue and/or 
native oxide could cause surface disorders resulting in diffuse phonon-surface (boundary) 
scattering, this effect will be less pronounced for thicker samples which will lead to higher in-
plane thermal conductivity. This trend of thermal conductivity with thickness has been also 
demonstrated and explained in regular films and other 2D materials.161 However, this fails to 
explain our data in Fig. 6(a). On the other hand, for the thin MoS2 samples (< 10 layers) as 
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studied by first-principles calculations by Gu et al.,162 the thermal conductivity reduction from 
single layer to few-layer is accounted by the change of phonon dispersion and the enhanced 
phonon scattering strength for thicker samples. The changes in the phonon dispersion with 
increasing layer numbers will result in lower group velocity which could greatly decrease the 
thermal conductivity. Specially, similar to graphene from single layer to few-layer, the mirror 
symmetry is missing which changes the anharmonic force constant leading to stronger phonon 
scattering and thermal conductivity reduction.163   
 
6.4.2 Effect of MoS2 Thickness On R and D 
Figure 6.6 (b)(c) show how R and D values change with MoS2 thickness.The detailed 
results are also summarized in Table 6.1. Especially, D has a relatively higher uncertainty than 
both k and R. As explained in last three chapters, the hot carrier diffusivity is studied by its 
effect on thermal energy distribution. Ideally, if we could generate extreme heating states, the 
uncertainty of D could be strongly reduced. Fig. 6.6 (b) presents the nonmonotonic thickness 
dependent carrier diffusivity D. Similar trend has been found as shown in last chapter, we 
attributed this to the reduced charge impurities for thin samples and loose contact with the 
substrate or possible wet substrate surface for thicker samples.  
The interface thermal resistance R for eight samples are in the order of 1.0×10-6 
K·m2/W and decrease with increasing layer number. We have studied the thickness dependent 
interface thermal energy transport, the thicker sample with better stuffiness could help to form 
better contact with the substrate.68 Also, the glass substrate used in this work is not polished so 
that the FL MoS2 sample may be possibly supported by the high points from the substrate. This 
is the reason why the R is larger than that with the polished silicon substrate.  
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CHAPTER 7. CONCLUSION AND FUTURE WORK 
7.1 Conclusion 
7.1.1 Conclusion on Interfacial Thermal Conductance between few to tens of layered 
MoS2 and c-Si (effect of MoS2 thickness) 
In this work, we measured the interfacial thermal conductance (G) between few to tens 
of layered MoS2 and c-Si substrate. For each sample, to get its G, sample preparation, thickness 
measurement and experiments of interface thermal conductance and temperature calibration 
were performed. It was found G increased with increasing layers of MoS2 from approximately 
0.974 MWm–2K–1 for 7 layers to 68.6 MWm–2K–1 for around 75 layers at room temperature. 
This close-to-two order of magnitude change in G reflected the interface spacing change versus 
the MoS2 thickness. To better identify the morphology of MoS2/c-Si interface, the interference 
enhancement of Raman signal of MoS2 nanosheets was studied to confirm the spacing 
variation. The experimental Raman intensity was significantly higher than that of tight MoS2-
Si contact, uncovering the strong interface optical interference and the local spacing. To further 
understand the experimental results, we have conducted MD simulations to calculate the 
interface thermal conductance between MoS2 and c-Si. It showed that thicker samples have a 
higher G, similar to the experimental observation. This could be explained by the improved 
mechanical stiffness of thicker samples and the resulting better interface contact. For the all 
the three samples under study (7, 8, and 13 layered), their G shows a decreasing trend against 
the local temperature. This was explained by the reduced phonon specific heat against 
decreased temperature. The calculated G agreed well with the upper bound G observed in our 
experiment, indicating when MoS2 is thick (tens of nm), the local interface is close to the ideal 
scenario determined by local van der Waals bonding. 
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7.1.2 Conclusion on Hot Carrier Diffusivity and Interface Thermal Resistance of sub-10 
nm MoS2 
We have developed a novel technology for the determination of both hot carrier 
diffusivity (D) and the interface thermal resistance (R) of sub-10 nm virgin mechanically 
exfoliated MoS2 nanosheets on the c-Si substrate. The hot carrier effect on heat conduction by 
photon excitation, diffusion, and recombination could significantly extend the heating area 
size, especially when the laser focal spot size is comparable to the hot carrier diffusion length. 
The laser focal spot size was varied from 0.294 m to 1.14 m to change its effect in heat 
conduction, and the resulting temperature rise was measured by Raman spectroscopy. For our 
four sub-10 nm MoS2 samples (3.6, 5.4, 8.4 and 9.0 nm), their hot carrier diffusivity was 
measured as 0.300.231.18

 ， 0.370.261.07 , 0.340.271.20 , and 0.300.231.62  cm2/s under the 1 ns hot carrier 
lifetime. Little thickness effect on hot carrier diffusion was observed. In fact, the technology 
can firmly determine the hot carrier diffusion length without knowledge of the lifetime. The 
four samples’ hot carrier diffusion length was determined as 0.0410.0360.344

  (3.6 nm), 
0.052
0.0430.327

  
(5.4 nm), 0.0460.0420.346

  (8.4 nm), and 
0.036
0.0300.402

  μm (9.0 nm). The hot carrier diffusivity study is 
conducted without applying an electric field or electrical contacts so the results could reflect 
the intrinsic properties of virgin 2D materials. We believe this non-contact and non-invasive 
technique could also be used for carrier transport and interface energy coupling study of other 
2D materials. There have been only a few reports regarding the hot carrier transport study for 
MoS2 nanosheets or the methods to exclude the potential influence on the transport 
measurement caused by the electrode. Also the results point out that for photon-excitation 
based energy transport study in 2D materials, the hot carrier diffusion could play a big role in 
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affecting the results, especially when the excitation size is comparable to the hot carrier 
diffusion length. 
7.1.3 Conclusion on ET-Raman for Probing Interface Energy Transport and Hot Carrier 
Diffusion in few-layered MoS2 
As exemplified by studying the hot carrier diffusivity (D) and the interface thermal 
resistance (R) of mechanically exfoliated MoS2 nanosheets on the c-Si substrate, we 
demonstrate a novel technique: ET-Raman without evaluation of light absorption or absolute 
temperature rise of MoS2. The hot carrier effect on heat conduction could significantly extend 
the heating area, especially when the laser heating size is comparable to the hot carrier diffusion 
length. The laser focal spot size was varied from 0.294 m to 1.14 m to change hot carrier 
effect in heat conduction, and the resulting temperature rise effect was measured by power 
differential of Raman shift. Instead of only using continuous laser, a picosecond pulsed laser 
was also applied to heat and excite the Raman signal. By studying MoS2 and the substrate’s 
thermal response under different laser heating states, D and R were determined without 
knowing the laser absorption or the temperature coefficients of MoS2. This development 
successfully eliminates the weak points of currently widely used Raman-based thermal 
characterization techniques. For our seven MoS2 samples, under the 1 ns hot carrier lifetime, 
their hot carrier diffusivity was measured in the order of 1.0 cm2/s which corresponds to a 
diffusion length in the order of 300 nm. D was observed to increase with the MoS2 thickness. 
This strong dependence may be attributed to weaker in-plane electron-phonon interaction for 
thicker samples, their enhanced screening of long-range disorder, and improved charge 
impurities mitigation. No electric field or electrical contacts applied on the sample during this 
technique assures that the results could reflect the intrinsic properties of 2D materials. R is 
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determined as 1.22~1.87×10-7 K·m2/W, decreasing with the MoS2 thickness. This could be 
caused by the reduced interface spacing increase under laser heating for thicker samples, and 
the increased stiffness of thicker samples. The local interface spacing is uncovered by 
comparing the theoretical Raman intensity and experimental data, and is correlated with the 
observed R variation. To our best knowledge, ET-Raman could also be used for carrier 
transport and interface energy coupling study of other 2D materials in the most applicable 
forms with high accuracy and confidence. Such an impactful state-resolved technique opens 
up a new way for efficient and accurate 2D materials thermal and electrical properties 
characterization.  
7.1.4 Conclusion on ET-Raman Application for FL MoS2 on Glass Substrate 
Taking advantage of ET-Raman technique without laser absorption and absolute 
temperature evaluation, we successfully determined the interface thermal resistance (R) and 
hot carrier diffusivity (D) of six mechanically exfoliated MoS2 nanosheets supported on glass 
substrate. The sample thickness spanned over one order: 1.8~18 nm. This special structure 
provides one-side normal-k dielectric screening and very little material damage that would 
occur by top dielectric material coating in traditional mobility measurement. Compared with 
highly polished c-Si substrate, the glass substrate induced a quite high interface thermal 
resistance: 0.41~7.09 10-6 K·m2/W, about one order of magnitude higher than that of MoS2/c-
Si interface. The determined D value spans from 0.76 to 9.7 cm2/s, corresponding to a mobility 
range of 30.2~388.5 cm2/V·s. A nonmonotonic thickness dependent D trend was discovered 
and was attributed to the possibly reduced charge impurities for thin samples and loose contact 
with the substrate or possible wet substrate surface for thicker samples. The very high hot 
carrier mobility will reduce the hot carrier concentration in the laser heating region in Raman 
120 
 
experiment, leading to a reduced electron-phonon scattering and boosted Raman intensity. This 
has been confirmed by our Raman intensity study and comparison against theoretical 
predictions. 
7.1.5 Conclusion on Development of Five-State Picosecond ET-Raman Technique 
In this work, we developed a novel Five-State Picosecond ET-Raman to measure the 
in-plane thermal conductivity (k) of nm-thick 2D materials. It does not need laser absorption 
and absolute temperature rise evaluation. By considering the effects of hot carrier diffusion 
and interface thermal energy transport, this technique was successfully applied to study eight 
2D FL MoS2 samples (2.4 nm to 37.8 nm thick) supported on glass substrate. Aside from the 
in-plane thermal conductivity, we can quantitatively determine the hot carrier diffusivity and 
interface thermal resistance simultaneously. We discovered a nonmonotonic thickness-
dependent k trend. We attributed this to the possible surface phonon scattering, the change of 
phonon dispersion and enhanced phonon scattering strength. The measured k value spans from 
31.0 to 76.2 W/m·K and is in good agreement with others’. This non-contact measurement 
uncovers the intrinsic properties of FL MoS2. This technique could also be used for efficient 
and accurate thermal conductivity, carrier transport and interface energy coupling study of 
other 2D materials in the most applicable form with remarkable confidence. It will have a long-
term impact on Raman-based thermal and electrical properties characterization of 2D 
materials. 7.2 Future Work 
Based on the advantages of ET-Raman technique, it is good to focus on different 
transition metal dichalcogenides (TMDs), MX2 (M=Mo, W, etc; X=S, Se, or Te). They are all 
semiconductor in nature and possess huge potential to be made into ultra-small and low power 
transistors that are more efficient than state-of-the-art silicon-based transistors.164 Besides 
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sharing the similarities of a bandgap in the visible-near IR range, high carrier mobility, and 
on/off ratio with silicon, TMDs can be deposited onto flexible substrates and survive the stress 
and strain compliance of flexible supports.165,166 Therefore, future work for continuation of 
research project has the following topics.  
1. Investigate the effect of layered physical structure (lateral size, thickness, and 
defect) on the interface thermal transport and hot carrier diffusion. For real electronics 
applications, 2D materials with different thickness and lateral size could strongly affect the 
devices functionality. Besides, TMDs may contain many different structural defects in their 
crystal lattices which significantly influence their physico-chemical properties. Having 
structural defects can be either detrimental or beneficial, depending on the targeted application. 
For future work, for TMDs, we will focus on MX2 (M=Mo, W; X=S, Se, or Te). By using the 
micromechanical cleavage technique, for each material, we will prepare 2D TMDs nanosheets 
samples for different thickness. The sample lateral size could be adjusted by focus ion beam 
in anticipation of exploring the size effect. Samples with the same thickness and lateral size 
would be first examined to identify the defects then study the defect effect. 
2. Study the effect of substrate on both interface energy coupling and hot carrier 
diffusion. Different substrates could have different energy-coupling level with its upper 2D 
nanosheets to have different interface thermal conductance. Besides, different substrates could 
provide different dielectric environment which could strongly affect the hot carrier diffusivity 
of 2D TMDs. All these effects will be studied in the future work with quantitative 
understanding. 
3. Explore the effect of temperature (70 K~850 K) on interface energy coupling 
and hot carrier diffusion. The operation temperature of electronics could vary a lot which may 
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significantly influence the device performance. 2D TMDs and its substrate could have different 
thermal expansion rate. With temperature change, the 2D material wrinkles could be flattened 
or become worse. These could strongly affect the interface energy coupling. Besides, the 
carrier diffusion will decrease when the temperature increases due to the increase of the carrier 
collision and braking. This temperature-related study will target these critical physics and 
provide in-depth and systematic understanding. 
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